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MODELS OF CLASSICAL AND RECURRENT NOVAE
M. Friedjung and H. Duerbeck
I. INTRODUCTION.
I.A. BASIC THINGS TO BE EXPLAINED
The behavior of novae may be divided roughly
into two separate stages: quiescence and outburst.
However, at closer inspection, both stages cannot
be completely separated. The presumed accretion
disc and companion star, determining the nova
behavior at quiescence, may also play a more
or less important role during outburst due to
their interaction with the ejected shell or the
"bloated dwarf", which is formed in the explo-
sion. On the other hand, the outburst stage
gently merges into the quiescent stage, and it is
possible that special features observed at quies-
cence are still influenced by effects from an
outburst that lies more than 50 years in the past.
It should be attempted to explain features in
both stages with a similar model.
Due to the faintness of exnovae and the long
time scales involved, the behavior of novae in
the quiescent stage is only poorly known. Time
scales for which observations are available are
short compared with the whole interval of quies-
cence, which may last for ten thousands of years.
Thus, our observations of classical novae are
confined to a configuration shortly before out-
burst (and data of this stage are scarce, for ob-
vious reasons) to a situation shortly (relatively
speaking) alter outburst. Therefore, statistical
arguments and observations of some nova-like
systems believed to be novae in quiescence in
historical times must supplement our study of
novae in quiescence. As will be seen in Section
V.C, statistical arguments and the recent "hi-
bernation" theory give arguments concerning
the possible identification of nova-likes or
dwarf novae with novae in the middle of their
quiescent stage.
This section will mainly deal with the discus-
sion of models explaining the outburst behavior.
The concept of a nova "explosion" signals that
we deal with a short-lived event, which seems to
be determined by the phenomena that, according
to our present understanding, occur in a thermo-
nuclear runaway that lasts only minutes. In its
aftermath, the outbursts of different novae show
features that may not be completely determined at
the moment of explosion. A closer look into the
phenomenon shows that the outburst activity lasts
a long time, at least weeks, if not years and dec-
ades.
I.B. THE LIGHT CURVE
The optical light curve shows a rapid rise,
followed by a slower decline at variable rates for
different novae. 15or some fast novae, oscillations
occur in later phases; for some slow novae, they
are found around maximum and later; a deep
minimum is observed in the declining phase of
some slow novae. In the UV, the maximum is
delayed for smaller wavelengths. In the IR, ex-
cesses are sometimes seen after months, in gen-
eral, coinciding with deep optical minima. In the
radio, maximum occurs months after outburst
and is delayed for large wavelengths. The
holometric light curve shows a much more
gentle decline than the optical one. For some
time, the nova radiates near the Eddington limit
(or for fast novae, above it). A M st_-relation
exists in the optical, where t_ is the time in days
to decline three magnitudes from maximum.
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We first need to explain the light curve of
novae, or, to be more precise, the variation of
flux, integrated over all wavelengths, as well as
its spectral distribution, with time. The variety
of light curves observed for different novae (or
even the differences between the light curves
of two outbursts of a recurrent nova!) must be
explained. The rise of the rate of nova energy
production, the global optical decline, and the
shift of the maximum of the distribution of
radiation are compatible with a central object
undergoing a thermonuclear runaway and suf-
fering a strong mass loss, where matter is ex-
hausted after a shorter or longer time. The
detailed physics and the fine structure of a nova
light curve are, however, hardly understood. In
a few cases, brightness fluctuations with ap-
proximately the period of the underlying binary
in early stages of the outburst are observed
(VI500 Cyg, probably also V1668 Cyg). Re-
peated brightness (and possibly mass ejection)
bursts, leading to secondary maxima and to
short fadings and shifts of the energy distribu-
tion towards shorter wavelengths in the course
of a prolonged maximum, are lound in some
novae (NQ Vul, QU Vul). Light oscillations in
the transition phase occur mainly in a fraction
of fast novae (GK Per, V603 Aql). Final de-
clines show different gradients in the visual.
I.C. THE SPECTRAL EVOLUTION
The spectrum of a nova in outburst consists of
superposed P Cyg profiles of different expansion
velocities. In the early stages, the blueshifted
absorption lines dominate; in intermediate stages,
the spectrum has a typical P Cyg character; in the
late stages, the continuum fades much more than
the emission lines. The general evolution of the
spectrum of a nova can be explained by the ejec-
tion of a large amount of mass, which starts at
a well-defined time and declines in strength
more or less slowly. This is indicated by the
blueshifted absorptions, which are explained
by the Doppler effect. The occurrence of lines
of higher excitation and ionization in later
stages of the outburst can be understood by the
shrinkage of the photosphere, which becomes
hotter at smaller radii if no large decrease in
bolometric luminosity occurs. The gradual
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thinning of the shell leads to the emergence of
nebular lines, as will be seen in Sections II.D
and IV.E. Complications occur, as can be noted
from the observation of superposed P Cyg pro-
files of different expansion velocities, because
of the interaction of material ejected at differ-
ent times with different velocities (higher exci-
tation lines, higher velocity components ap-
pear later.) The main bulk of matter, however,
is ejected at the time of maximum: the line widths
in the nebular stage correspond to velocity shifts
observed in the principal spectrum. A velocity-t_-
relation, and therefore a velocity-luminosity rela-
tion, exists.
An interpretation of the spectroscopic gener-
alities derived from a comparative study of seven
novae was carried out by McLaughlin (1943),
where the spectral stages of the nova outburst are
clearly described in much detail. A summary is
found in McLaughlin (1942). This sequence was
also adopted as a classification scheme by the
IAU (Oort 1950). The systems listed in Table 7-1
seem to be normal in ordinary novae. Q indi-
cates a spectral classification scheme, where
each nova has a spectral Class Q, while sub-
classes are reached at various stages of the
outburst (some may be skipped). A detailed de-
scription is found in Chapter 6.
I.D. THE EXPANDING NEBULA
For a small group of generally bright novae,
expanding nebulae were observed in late stages.
Structures at low resolution are, in general,
spherical (contrary to jet-shaped). At high resolu-
tion or at later phases, they exhibit a wealth of
detail: deviations from spherical symmetry are
frequent; the shells appear often elliptical. The
majority of shells shows the existence of equato-
rial rings and polar condensations. Additional
structures are observed, e.g., the fragmentation of
the shell into many cloudlets, or extended haloes.
Observational evidence shows that spherical
symmetry for mass loss and velocity, often as-
sumed in outburst models, is, in most cases, not
correct. The observed ellipticity of the shell and
the ring/blob structure may be connected with the
underlying binary system, the fragmentation,
TABLE7-1.SPECTRALSTAGESOFNOVAE
Spectrum Absorption Emission Q
Prenova 0
Premaximum I 1 I
Principal I1 II 2
Diffuseenhanced III IlI 3
Orion IV IV 4
N Ill (4640) V V 5
Eta Car = [Fe II] VI 6
Nebular VII 7
Wolf-Rayet VIII 8
Final 9=0
with some sort of instability occurring in the
ejected shell, the outer shell, with the survival of
high-velocity material ejected in late stages of the
outburst or with shock waves extending into the
interstellar material.
The deceleration of nova shells observed in
very late stages, decades after outburst, seems to
be established. It is presumably caused by the
interaction of the shell with the surrounding inter-
stellar material.
It is often found that different regions of a nova
shell have a different spectral appearance. A ca-
reful analysis must establish whether this is due to
a different chemical composition, a different
physical property (temperature, density), or,
closely connected with it, different excitation
conditions by the radiation field of the central
object. This field probably has an axis of sym-
metry, but certainly deviates from spherical
symmetry. Such "directional excitation" was
suggested as early as 1937 by Grotrian in the
case of DQ Her.
I.E. THE EXNOVA
Results of the few novae that have been ob-
served at minimum are best interpreted in the
framework of a close binary composed of a white
dwarf and a low mass main sequence star. The
nova explosion is a thermonuclear runaway in the
electron degenerate hydrogen rich material close
to the surface of the white dwarf, which was ac-
creted (via a disk) from the late-type companion
that suffers a Roche lobe overflow. It is usually
assumed that the disk luminosity dominates all
other contributions (white dwarf', late-type com-
panion, hot spot) in classical nova systems at qui-
escence. Indeed, disk luminosities appear to have
only little scatter if the different observational
aspects are taken into account.
Recent detailed studies of the minimum visual
magnitude of classical novae by Warner (1986,
1987) indicate that they have the same absolute
magnitude at minimum, but are seen at different
accretion disk inclinations. Warner showed that
the histogrmn of minimum magnitudes can be
explained by a mean absolute magnitude [Mv(i
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= O)= 3.3],a randomdistributionof inclina-
tions,anda scatter(intrinsicor observational)
of I"'. Hearguesthattheminimummagnitude
doesnotdependonnovaspeedclass,ororbital
period,or anyotherparameterbesidesthein-
clinationi.
AstudybyDuerbeck(1986)indicatesthatmini-
mummagnitudesdodependonspeedclassor
lightcurvetype,e.g.,thatslownovae(lightcurve
Type D) are generallyseveralmagnitudes
brighterthantherest.TheveryoldnovaeCKVut
andWYSge(KenyonandBerriman,1988)ap-
pearto bemuchfainterthananaverage,more
recentexnova.
Spectroscopicstudiesofnovaeatminimumare
onlycarriedoutforaverysmallpercentageofthe
nowidentifiedobjectsatminimum.Forsomeof
them,radialvelocitystudieshavebeencarried
out.Preliminaryesultsofaspectroscopicsurvey
werereportedbyDuerbeckandSeitter(1987).
Thecontinuarefrequentlyheavilyreddenedby
interstellarextinction;weakto strongemission
lines,mostlyof theBalmerlinesandnotablyHe
II 4686,areobserved.
I.F.THEMANIFOLDOFNOVAE-SIMI-
LARITIES,DIFFERENCES,ANDTHEIR
POSSIBLECAUSES
Despitethevarietyoflightcurveforms,spec-
troscopicdevelopment,andotherfeatures,there
aresimilaritiesbetweendifferentobjects.Rela-
tionsexistbetweentheabsolutemagnitudeat
maximumandthet_-timeand,lessclearly,be-
tweentheabsolutemagnitudeat minimumand
thelightcurveform,orbetweenthevelocityof
expansionof theshellandthet3-time.Thisindi-
catesthatunderlyingsystematicsexistinnovae.
Possible"hiddenparameters"thatdetermine
absolutemagnitudesat maximum,ejection
velocities,formsof lightcurvesor shellsare
e.g.:
- Themassofwhitedwarf.
- Thechemicalcompositionof thewhitedwarf.
- Themassof accretedmaterial.
- Theaccretionrate.
- Thedegreeof mixingof whitedwarfmaterial
intoaccretedhydrogen-richs ellmaterial(ora
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deviationofthecompositionofaccretedmaterial
fromthesolarvalue).
- Orbitalelements.
-Thepresenceandstrengthofamagneticfieldin
thewhitedwarf.
- Theinclinationoftheorbit.
Unfortunately,thestatisticsof dataderived
fromminimumobservations(orbitalelements,
propertiesofthebinarycomponents,andtheshell)
arepoor,contraryto dataon lightcurvesand
spectroscopicdataobtainedduringoutburst,orto
minimumdatafordwarfnovae.Thus,hardlyany-
thingcanbesaidaboutheimportanceof the
aboveparametersforthecharacteristicsorevolu-
tionoftheoutburst.
I1.SHORTHISTORY
II.A.EARLYIDEASTO1930
Becauseof theirsudden,spectacularppear-
ancein theskyandtheirfadingintooblivion,
novaehavebeentheobjectof speculationand
theoreticalpproachessincearliesttimes.Quite
often,themostadvancedphysicaltheorieswere
usedtoexplainthenovaphenomenon.Asanearly
example,Newton(1713)mightbequoted,who,
investigatingthestabilityofcometaryorbits,pro-
posedthatnovaeareold,burnt-outstars,whose
supplyofcombustiblematerialisreplenishedby
theimpactof comets.Anotherproposalthatan
agingstarundergoesa novaeventis dueto
Z611ner(1865).He thoughtthatcracksin the
surfaceofacoolingstarallowmagmafromthe
interiortoreachthesurface,leadingtoabright-
ening.Weseethatnovaewerenomoreconsid-
eredas"new stars" by some astronomers of the
18th and 19th centuries.
Theories of the nova phenomenon can be di-
vided into two categories: one is the attempt to
explain the underlying cause of the nova out-
burst: the other, the attempt to explain the
photometric and spectroscopic features ob-
served during outburst. We will first deal with
the second question.
Increasing observational evidence, especially
the availability of more and more detailed spec-
troscopic material, led to a reduction of the
large number of explanations of the nova phe-
nomenonthatwereathandinearliercenturies.
Whenobservingvisuallythespectrumof the
(recurrent)novaT CrB,HugginsandMiller
(1866)notedtheappearanceof brightanddark
linesin thespectrum,withoutbeingableto
notethatthedarklinesareblueshifted.They
interpretedthebrightHlinesasaresultofagas
explosion,achemicalcombustionof hydrogen.
Blueshiftedabsorptionli eswerefirstobserved
inT AurbyHuggins(1892),Campbell(1892)
andVogel(1893),andshortlyafterwardsin IL
Nor(Pickering1894).Amongthenumerouscol-
lisionscenarios,whichwereproposedtoexplain
thetwosetsof linesofdifferentradialvelocityin
novaspectra,themostinfluentialoneis thatof
Seeliger(1892,1893,1909).He assumedthe
penetrationof a starintoaninterstellargasor
dustcloud,a scenariothat wonmuchfavor
afterthelightechophenomenaobservedin the
vicinityof novaGKPer(1901).Thesimultane-
ousoccurrenceof blueshiftedabsorptionand
stationaryemissionlineasbeingcausedbyan
extended,expandingenvelopeof gaswasfirst
proposedina somewhatobscurewaybyPick-
ering(1894),thenby Halm(1901)andfinally
by Lau(1906).However,in theearlydecades
of novaspectroscopy,theblueshiftof thedark
lineswasnot unequivocallythoughtto be
causedbytheDopplereffect.A goodsurveyof
earlytheoriesisgivenby Stratton(1928).
Thesuddennessofthebrightening,incombina-
tionwith thedifferentradialvelocitiesof the
dark-andbright-linespectrum,wasalways
usedasanargumentfor thecollisionhypothe-
sis,i.e.,thecollisionof a starandaninterstel-
larcloud,twostars,astarandacomet,anaster-
oid,orawholesolarsystem.Theextendedpre-
maximumstageof RRPicandthepostmaxi-
mumappearanceof brightlinesledHartmann
(1925)to theviewthata singlestar"expands,
explodes."In his secondnote, Hartmann
(1926)states:"weconcludethatthenovaphe-
nomenonisonewhichhasitscausein theinte-
rior of certainstars.It is a disturbanceof the
physical-chemicalequilibriumwhichoccurs,
withoutexteriorcause,in a criticalpointof
evolution,andleadstoarapid,explosivetrans-
formationof thewholecelestialobject.This
disturbanceis possiblya radioactivetransfor-
mationof atoms."Previoustheories,especially
thecollisionscenario,couldnot explainthe
delayedmaximumof RRPicandquicklyfell
intooblivion.
ll.B.THESEARCHFORTHEUNDERLYINGCAUSE
Aftertheexternalcauseof anovaexplosion
hadbeendiscarded,andstellarstructurebecame
tractable,severaloutburstmechanismswerepro-
posed.A goodhistoricalsummaryis foundin
Schatzman(1965).
Milne(1931)thoughtthattheenergyforthe
outburstis thatof a starcollapsingintoawhite
dwarf.Theenergyisgiven(orderofmagnitude)by
AE = G M *-_( I/R 2 - l/Rt), which is 103 to 104 times
higher than that observed. From the frequency of
nova explosions, one can derive that a star must
undergo about 10 nova explosions: i.e., a subset
must show even more frequent eruptions. The hy-
pothesis by Milne was relaxed by Vorontsow-
Veljaminow (1940), who assumed that a se-
quence of nova outbursts of different strength
leads to a transformation of a main sequence
into a white dwarf.
Uns61d (1930), in investigating layers near the
stellar surface for stability against convection,
argued that the nova phenomenon is caused by
the sudden onset of convection. One of his ar-
guments was that the energy released in a nova
explosion is much too small to be caused by
dramatic changes in the interior, but he argued
tor a surface phenomenon.
Biermann (1939) thought that the explosion oc-
curs because of an instability in a hydrogen-poor
subdwarf. An instability develops at a certain
depth where radiant equilibrium changes over to
adiabatic equilibrium. In this case, the star should
be poor in H and He, and the changes occurring
lead to a release of ionization energy.
In 1946, Rosseland (1946), Lebedinskii ( i 946)
and Schatzman (1946) thought of the nova explo-
sion as a shock wave in the stellar interior, and
Rosseland came up with some sort of atomic
bomb explosion, specified later by Schatzman
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(1950,1951),whopostulatedastheenergy
sourcetheconversionof _Heinto"*He.Gurevich
andLebedinskii(1947a,b)assumedthata nova
explosionresultsfromexplosivelow-tempera-
turenuclearreactionstakingplaceintheperiph-
eralayersofastar,whichproducesnergybythe
CNOcycle.
Mestel(I 952)examinedaccretionofinterstel-
larmatterontohotwhitedwarfsandpostulated
eithercontinuousburningor supernova-type
explosions.
Thediscoveryb Walker(1954)thathefamous
novaDQHerisaclosebinarywassoongeneral-
izedbyStruve(1955)andHuang(1956)tothe
possibilitythatallnovaeandnova-likestarsare
binaries.Kraft(1963,1964)cameupwiththe
still-favoredmodel:thathenovaisaclosebinary
composedofawhitedwarfandalow-massmain
sequencestar.Thenovaexplosionisathermonu-
clearunawayin theelectrondegeneratehydro-
gen-richmaterialclosetothesurfaceofthewhite
dwarf,whichwasaccreted(via theaccretion
disk)fromthelate-typecompanionoverflowing
itsRochelobe.Thebinarityandtheinclusionof
anaccretiondisklednovaresearchoutof adi-
lemmathatstill intriguedPayne-Gaposchkin
(1957):novaeat minimumareblueobjectsat
M = +4;thisalwaysleadstoobjects below the
main sequence, but above the white dwarf re-
gion, i.e., to subdwarfs, similar to the central
stars of planetary nebulae.
An early nova model including a close binary is
due to Schatzman (1958). He suggested that in
one of the components, nonradial forced oscilla-
tions are produced by orbital motion. If there is a
resonance between the orbital period and one of
the periods of nonradial oscillation, the amplitude
of the force oscillation is finite unless the damp-
ing constant vanishes or is negative. When this
happens (as a consequence of the secular evolu-
tion of the star), the forced oscillation may be-
come an explosive process. The damping con-
stant can vanish if the energy sources are close
enough to the surface of the star. One can predict
the ejection of matter along polar caps and one or
several belts or zones. The pole of the system is in
the direction of the perturbing star. This is one of
376
the first models (and nearly the only one) that
make predictions about the directional depend-
ence of mass loss.
In the 1960s, a clearer understanding of the
structure of the binary components in nova
systems led to a more realistic scenario for
nova explosion: A Roche-lobe overflowing,
unevolved star is losing H-rich material, and a
fraction, if not almost all, of this material is ac-
creted by the white dwarf companion. As ac-
cretion continues, a layer of H-rich material is
built up on the surface of the white dwarf, and
the bottom of this layer will be gradually com-
pressed and heated until it reaches ignition
temperatures of H-burning reactions, Hydrody-
namic studies IGiannone and Weigert (1967),
Rose (1968), Starrfield (1971a, 1971b)1 have
shown that a thermonuclear runaway will occur
in the H-rich envelope, which can produce the
observed energies and can reach temperatures
and energy-generation rates at which dynamic
effects become important (Starrfield 1971a,
1971b).
II.C. MECHANISMS OF MASS EJECTION
Despite the fact that the energy source for the
nova explosion remained obscure for a long
time, different mechanisms for mass ejection
were investigated: shock ejection, pressure
ejection, radiation pressure, and pulsational
mass loss. It is now believed that the first three
can act during various stages of the nova out-
burst. While shock ejection seems to play a
predominant role in fast and recurrent novae,
thick stellar wind driven by radiation pressure
is important for slow novae.
I1.C. 1. MASS EJECTION BY EXPLOSIVE
EVENTS
Rosseland (1946) proposed a central explosion
(due to some "subnuclear mechanism"). The
observed phenomena (several maxima) can be
interpreted by the effects of a shock wave rea-
ching the surface. Shock ejection was also pro-
posed by Lebedinsky (1946). Schatzman (1946,
1949) also assumed that mass loss of novae is due
to the propagation of a shock wave.
Whenenergyisgeneratedinaregioninatime
intervalthatisshorterthanthesoundtravellime
acrossthatregion,ashockwaveisgeneratedat
thebottomof theregion,whichpropagatesout-
ward.Asthewavemovesoutwardintolessdense
material,theshockwaveaccelerates.Afterthe
passageof theshock,theejectedmaterialisleft
withasteepvelocitygradient(Figure7-1},see
alsoHazlehurst,1962;Sparks,1969).Shock
ejectionmechanismsleadtoa temporalbehav-
ior of masslossvelocities,whichshowsa
markeddecreaseof speed.In general,this is
contraryto observationsof classicalnovae,
exceptperhapsfor materialof thepremaximum
absorptionsystem.
VELOCITY
Figure 7- I. A three-dimensional plot _ the vehwio, of
material as a fimction of time in various zones of a star
ft, shock ejection. The increase of the shock vehwitv
and strength and the steepening of the shock fiont can
he seen, as the shock wave propagates outward to
zones of lower density. AJ?er the shock wave has
passed through, the material has a large diff_,rential
vehwitv. The trough on the left ix due to material which
did not reach escape vehwity and is J_dling back onto
the star (Sparks. 1969).
II.C.2. PRESSURE EJECTION
If the energy is deposited in a region during a
time interval that is longer than the sound travel
time across that region, but shorter than the time
interval of radiation diffusion of the region, a
"pressure" wave develops, which ejects all the
material above the region with roughly the same
velocity; i.e., the velocity gradient is much smaller
than in the case of shock ejection (Figure 7-2).
This mechanism was investigated in detail by
Sparks (1969).
VELOCITY
ENERGY INPUT
ZONE
Figure 7-2. A three-dimensional plot of the vehwi O' _
material as a fum'tion qf time in various zones of a star
.[br pressure £jection. A pressure front is formed which
ejects all material ahove the energy-input zone with
roughly the same vehwitv. The slight increase in the
velo_'it 3' _" the outer zones is due to the outward-propa-
gating stuwk wave (Sparks, 1969).
II.C.3. RADIATION PRESSURE
The importance of radiation pressure by elec-
tron scattering for stars of high luminosity was
pointed out by Eddington (1921). Radiation pres-
sure in spectral lines was studied by Milne
(1926), who derived limiting velocities of the
order of 1600 km s _. It was further discussed by
McCrea (1937), and in more recent times by
Friedjung (1966a,b,c), Finzi (1973), and Nariai
(1974), and in the optically thick wind models by
Bath and Shaviv (1976) and Bath (1978).
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I1.C.4.PULSATIONMASSLOSS
Problemsencounteredwithshockejectionled
Rose(1968)toinvestigatepulsationalinstabili-
ties.AssumingthermallyunstableHburning,a
hotwhitedwarfbecomespulsationallyunstable.
Thedissipationof pulsationallyproducedshock
wavesappearedtobeaplausiblemeansofsurface
heating;however,thecalculationsdonotshow
howthisextendedenvelopeisejected(Roseand
Smith,1972).Ina laterstudy,SastriandSimon
(1973)investigatedmultimodalradialpulsa-
tionalinstabilityinaprenovamodel.Predictions
totesthesemodelsare,however,lacking.
ll.D.CONTINUOUSEJECTION
Firstideasoncontinuousejectionandtheexis-
tenceof aphotospherethatshrinksin thelater
stagesoftheoutburst,whilethetemperaturein-
creases,arefoundinHalm(1904)andPike(1928,
1929).WhippleandPayne-Gaposchkin(1936)
appliedthetheoryof continuousejectiontoDQ
Her.Thesearlystudiesfoundit difficulttodis-
tinguishobservationallytheprocessof continu-
ousejectionfromtheexpansionof ashell,both
processessuggestedalreadybyHalm(1904).The
processof continuedejectionis favoredby
WhippleandPayne-Gaposchkinforthefollow-
ingreasons:if thecontinuousspectrumandthe
absorptionlinesarebothproducedin anex-
pandingshell,thesmallnessof theobserved
changesin theabsorptionspectrumandin the
energydistributionof thenovain its riseto
maximumwouldrequirea continuousbalance
betweenthetotalradiationandtheradiusofthe
initialshell,unlessoneconsiderstheshellso
thickthatit damsbacktheradiationfora con-
siderabletime.If theshellwereasthickasthis,
oneshouldexpectheabsorptionlinesto be
broadened,becausetheywouldbeformednear
thesurfaceof therisingphotosphere.On the
otherhand,theobservednarrownessof the
linesindicatesthattheabsorptionmustbepro-
ducedsofar abovetheeffectivephotosphere
thatonlyasmallsolidangleissubtendedatthe
centerof thestarbythematerialproducingthe
absorptionspectrum.Forathinshell,theinten-
sityof theabsorptionlinesmightbeexpected
to decreasewithtimebutobservationsof DQ
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Hershowthattheintensityof theH linesin-
creased.
II.E.SUPER-EDDINGTONLUMINOSITY
Finzi(1973)showedthatheradiantenergyof
a nova in the course of its outburst cannot be
stored and released by the ejected evelope, and
concludes that the energy radiated in a nova out-
burst, i.e., 1045erg, is released after the explosion
by the central star. The luminosities of some no-
vae at maximum exceed the "critical" or Eddington
luminosity
41rcGMo M 1 M LLCRIT ---- =6.5X104
K'TH M o I+X Mo o
where X is the relative H abundance in the exter-
nal shell of the nova and KTh= 0.2 (1 + X) is the
Thomson opacity, the opacity of fully ionized
matter at low density, c = 3 x 10 _()cm/s, G = 6.67
10 .8 dyn cmVg 2, and M o = 2 • 1033 g. The
corresponding limit to the absolute bolometric
magnitude is about -6.8 - 2.5 logt0 (M/Mo) for
X = 0.7. The critical luminosity is an upper
limit to the luminosity of a star in hydrostatic
equilibrium (Eddington, 1921). Finzi found
that the luminosities of all postnovae (at least
shortly after outburst) are larger than the criti-
cal luminosity and that their photospheres are
steadily flowing out. Below this radiative at-
mosphere, Finzi assumed a convective hydro-
gen-rich shell. The concept of novae radiating
above or near the Eddington luminosity plays
an important role in subsequent nova wind
models by Bath and Shaviv (1976) and Bath
(1978).
II.F. HISTORY AND RESULTS OF MOD-
ELLING(FROM 1930)
Grotrian (1930), and Menzel and Payne (1933)
found evidence, mainly from the appearance of
forbidden lines, that diminishing pressure, rap-
idly rising temperature of the region in which the
ionizing radiation originates, and dilution of ra-
diation can account for the order of appearance of
spectral lines of successive stages of excitation
and ionization, as well as the appearance of lines
originating by transitions from metastable levels.
The interpretation of observational results of
nova DQ Her (1934) led to a new approach to the
question of the time interval during which shell
ejection occurs. Practically at the same time, and
likely independently, Gordeladse (1937), Grot-
rian (1937) and Whipple and Payne-Gaposchkin
(1936) put forward models with continuous mass
outflow to explain some of the features of the
slow nova DQ Her.
McLaughlin (1943) pictured the rise to maxi-
mum as an eruption of a spherical shell of gas
sufficiently dense and deep to be opaque and to
behave like an expanding star. The photosphere is
only an optical level in the outward-rushing cloud,
and as it expands, the individual atoms migrate
from subphotosphere through the photosphere to
the reversing layer. Finally, at maximum light, the
cloud, which is now detached from the star, sud-
denly becomes transparent. In the early postmaxi-
mum stage, there are conspicuous bright bands
that originate in gases located all around the star.
The emission originates, however, mainly in the
inner layers of the shell-almost on its inner sur-
face-while absorption is produced throughout a
great depth.
McLaughlin thought that the rate of mass ejec-
tion shows a variation similar to and almost in
phase with the light curve, anticipating the
latter very slightly. The model involves a main
burst, followed by continuous expulsion of
matter at a steadily decreasing rate. It requires
a sharp reduction of the rate at the end of the
main burst. The mass loss then drops slowly
and continuously.
Qualitatively, this model has expansion ac-
companied by cooling. The shell acts initially as
an (expanding) photosphere and mimics, after a
short time from outburst, a spectral type of late B
or early A with extended atmosphere. In a short
time, -r,, in the shell becomes less than unity;
the shell becomes optically thin and ceases to
radiate like a photosphere. The visual contin-
uum fades and its color temperature increases.
Further expansion of the shell produces
a. Less absorption of stellar radiation, thus
transformation of P Cyg profiles into emission
profiles.
b. Dilution of radiation, with accumulation of
atoms in metastable states.
c. Time intervals between collisions greater
than the lifetimes of metastable states: forbid-
den lines can be formed.
There is also formation of a subsequent system
of shells, closer to the star, that are explained as
being due to the tail of the ejection rates after the
main burst (see Figure 7-3a and 7-3b). McLaugh-
lin's model is indeed one with continuous ejec-
tion over a period of years (1943, p. 188 ff.)
On the other hand, Pottasch's model (1959
a,b,c,d) is based on a spherically symmetric main
burst only. Thus it offered the possibility to be
tractable. The following assumptions were made:
a. The geometrical thickness of the shell is
small compared to the radius of the shell.
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Figure 7-3a. Cross sections t_['a nova during the r'lse
to maximum, as envisaged By McLaughlin (1950). Tire
observer is looking from the top _[ tire figure. Tire
large black dot is the main Body of tire star. stq_pled
area represents the densest part of the ejected shell,
concentric circles represent the optically thinner pho-
tospheric layers, which merge into the cloudy ./_,ms
that represent tire true atmosphere. On each drawing,
a hea_ 3, dashed line outlines the region that is e.ff_'ctiw"
in producing the ohserved ahsmption spectrum. Suc-
cessively ejected atoms A, B, and C are shown. With
expansion, the layer containing A, and later that ('on-
tainin L, B, Become transparent. By light ma.vinrrtm, the
rje_'tion has diminished atut the shell, still opaque, has
become detached from the star.
b. The density of the shell is always uniform
and varies inversely as the volume of the
shell.
c.The photosphere of the star remains at the
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Figure 7-3h. Cross sections o[a nova during early
decline, as envisaged hy McLaughlin (1950). Svmhols
have the same meaning as in Figure 7-3a. In section 6,
the shell has just hec'ome tran,warent. Atoms B and C,
owing to acceleration of the inner layetw, have over-
taken A. and the resultant shell ix the principal one. the
prema._imum spectrum having disappeared with the
engulJhrent of the outer layers (A) in the accelerated in-
ner ones (B and C). Atom D is contributing to the dif-
/use enham'ed absorption. In section 7, the inner cloud
has become more extensive attd the diffi_se enha/u'ed
absorption is correspondingly stronger. Atom E is en-
tering the region (_ ahsmption. In section 8, the gas
ejected in the diffi4se enhanced stage is in ttre fi)rm (_
two detached shells, overtaking the prin(ipal shell,
while the inner eh)ud has deveh)ped into the Orion and
the 4640 spectral stage.
initial temperature of the shell. As a result
the inner surface of the shell receives stellar
radiation diminishing as the inverse square
of the time.
d.Energy is transferred by radiative proc-
esses.
A numerical solution was carried out for the
following conditions: shell mass M = 5" 10 3 M,
velocity = 800 km/s, central star temperature =
200,000 K, and radius 0.3 R. The computation
was carried out until the shell has an optical depth
low enough to question the basic assumptions.
The model reproduces the essential features of a
(fast) nova light curve with even the premaximum
halt.
Pottasch's results are
1)The absolute magnitude of about -8.0, which
the light curve attains before the shell
becomes optically thin, is reasonable for a fast
nova.
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2)The temperatures observed during days 2
and 3 are similar to those observed.
3)The initial "bump" may be identified with
the premaximum halt, the physical reason
being that the shell is assumed to be initially
isothermal at the surface temperature of the
star from which it came, and the shell initially
cools faster than the radiation can be trans-
ferred through the shell. Thus, the initial loss
of energy occurs quickly and then subsides.
The transfer of the energy of the star to the
surface occurs more slowly; the combination
of the two curves has a bump (more details are
given in section III.A).
II.G. VELOCITY GRADIENTS
A plot of measured radial velocities of absorp-
tion versus time tends to increase, also when the
feature is attributed to the same "system," which
may form in a given layer. Furthermore, later
spectral systems (diffuse-enhanced and Orion)
always show larger radial velocities of absorp-
tion lines or wider emission lines. Thus, differ-
ent parts of the shell move with different ve-
locities. The diffuse-enhanced and Orion sys-
tems are attributed to the inner region sur-
rounding the nova, while the original emission
and absorption systems belong to the principal
shell, which has moved outward in the mean-
time. Thus, we expect interactions with previ-
ously ejected material.
Arguments for the "inside origin" of the dif-
fuse-enhanced and Orion feature have been
outlined by McLaughlin ( 1947):
1 )Some novae have secondary light variations,
and the diffuse-enhanced absorption under-
goes marked changes of intensity and of struc-
ture and position related to the light variations,
while the principal spectrum responds only
slightly with changes of intensity or excitation,
but without changes of displacement.
2)The broad emissions of the diffuse-en-
hanced system extend across the emission and
absorption of the same lines from the principal
shell. Nevertheless, the principal absorption
remains strong and wen-defined, without the
filling-in that would occur if the atoms that
produce the diffuse-enhanced spectrum were
outermost.
3)There are numerous examples of partial or
complete obliteration of absorption lines of the
diffuse-enhanced spectrum by overheating
emissions of the principal spectrum (further
discussed in Section IV.A).
4)The same arguments apply also to the Orion
spectrum.
According to McLaughlin, the high-speed at-
oms must eventually overtake the principal shell.
Those that produced the Orion spectrum form a
haze so rarefied that it would probably have no
observable effects.Those of the diffuse-enhanced
spectrum are present early enough to overtake
the principal shell, while absorptions are still
distinct. The collision of clouds should cause
sudden disappearance of components of the
diffuse-enhanced system, the appearance of
new components, and acceleration of the prin-
cipal shell. The principal shell is probably
more massive than all the matter ejected later,
so that large accelerations by collision are not
to be expected. The principal shell continues to
move outward until it becomes a quasi-plane-
tary nebula. After a few decades, this has be-
come too faint to be observable.
II.H. DETERMINATION OF T (x*"T ioN'T Lxc'
T w N t_
The appearance of the bright nova DQ Her, in
1934, marked a decisive point in the study of
novae, since at that time, the tools of stellar and
nebular diagnostics were already well developed.
Color temperatures T_ were most extensively
determined (see McLaughlin, 1960, for a sum-
mary). Ionization temperatures T,,,,, were deter-
mined using Zanstra's ( 1931 ) method; the first to
use it was Beals (1932) for V603 Aql, later deter-
minations were made for CP Lac (McKellar,
1937) and DK Lac (Larsson-Leander, 1953,
1954). As a general rule, ionization temperatures
are systematically much higher than color tem-
peratures, and values based on He II and N II1 are
approximately double those of H, while the nebu-
lar lines give values somewhat lower than hydro-
gen.
Excitation temperatures T are calculated
mainly from the relative intensities of IO 1111and
H lines (Stoy, 1933) and from the ratio He II
4686/ttl3 (Ambarzumian, 1932). Both methods
yield temperatures near or larger than the Zanstra
temperatures. Oehler (1936) applied these meth-
ods to the nebular spectrum of DQ Her.
Electron temperatures T e traditionally were
mainly derived from the ratio of the [O lII] lines
(5007 + 4959)/4363. For all novae in which the
ratio has been measured, T ranges between 6000
and 10,000 K, with a tendency to decrease as the
nova fades (gain of strength of the nebular lines
over the auroral transition 4363). Early appli-
cations to novae were made by Popper (1940)
and Gaposchkin and Payne-Gaposchkin
(1942).
The electron density is derived from the linear
size of the nebula, and the surface brightness (or
flux) of a hydrogen line with negligible self-ab-
sorption (Ambarzumian Kosirev, 1933; Sayer,
1940; Whipple and Payne-Gaposchkin, 1936,
Payne-Gaposchkin and Gaposchkin, 1942),
which turned out to range from 10y cm _ in the
early postmaximum stage to 1()_cm _ in the early
nebular stage. With the assumption of N, = N u,
the density of hydrogen ions, total nova masses
were calculated by the above-mentioned authors.
ll.I. ABUNDANCE DETERMINATIONS
BY CURVE OF GROWTH OR
NEBULAR LINES
The similarity of some nova spectra at maxi-
mum with those of supergiants led Mustel and
Boyarchuk (1959) to attempt coarse analysis of
nova spectra to determine excitation tempera-
tures, microturbulent velocities, and chemical
abundances. A number of analyses+ mainly on
slow novae, were carried out in subsequent years.
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Anotherwayofdeterminingabundanceofnova
shellsisbyanalyzingtheirnebularemissionline
spectrum.A widerangeof ionizationconditions
iscommonlyobservedin novaenvelopes.Be-
causeof thelargeejectionvelocities,emission
linesareoftenwide,makinglineidentifications
sometimesproblematic.The procedurem-
ployedtodeterminethechemicalcompositionf
novashellsisthesameasthatemployedinabun-
danceanalysesof planetarynebulae.Thefirst
large-scaleanalysisof nebularspectraof the
novaeV603Aql,RRPic,GKPer,CPLac,and
DQHerwascarriedoutbyPottasch(1959e).He
foundthattheabundancesofO,N,S,Ca,andNe
seemtobeafactorof5greaterthancosmic.
1II.SIMPLEMODELSTOEXPLAINOBSER-
VATIONS
Variousimplemodelstoexplaintheobserved
light and spectral observations during post op-
tical maximum activity are conceivable. Such
models were described by Friedjung (1977a).
They all describe stars that eject high-velocity gas
during a limited time and that have a temporary
increase in brightness. The geometry and the
kinematics differ from model to model. As will be
seen, the true situation is more complex, and
though one simple model may be more helpful
in explaining many phenomena, others may be
needed to interpret other aspects. However,
each of these models is conceptually very use-
ful. Five of these models will be described.
Ill. A. INSTANTANEOUS EJEC'TION 1
In instantaneous ejection models, all or nearly
all material is ejected in a time that is short, com-
pared with the duration of postoptical maximum
activity. The observed changes occur in previ-
ously ejected gas, which at first is optically thick
in the continuum (an expanding atmosphere is
seen), and which later becomes optically thin.
Instantaneous ejection type I models are those
where the ejected material is in a fairly thin shell,
the thickness of which remains small. Supposing
that the outer radius of the shell at optical maxi-
mum is ro and its thickness is Aro, while the corre-
sponding values at a time near the end of activity
are r_ and Ar_, instantaneous ejection type I sup-
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poses that, as r << r,,
Ar and A r_ both are << r_-r =r_ (7.1)
To satisfy this condition, it is necessary for the
expansion velocity of the shell to be much larger
than the velocity of increase of thickness of the
shell.
Assuming spherical symmetry and density of
the shell to vary as l/volume, this density will
vary as r2/Ar, r and Ar being the shell radius and
thickness at any time. For a constant expansion
velocity, the density will vary as t-: at time t from
outburst, as long as Ar is constant; it will vary as
t3 if Ar increases with a constant velocity from
a value of zero at time zero. The shell surface
area will vary as t2 for a constant expansion
velocity.
It can be supposed that the ejected shell is op-
tically thick in the beginning; its surface area is
then that of an expanding photosphere. After
optical maximum, the bolometric luminosity
does not increase, so if instantaneous ejection
Type I with an optically thick shell were true,
one would expect the temperature of the latter
to fall. Once it became optically thin, the cen-
tral object would become visible. The emission
measure at this later stage varies as r-_/ At, so
for a constant expansion velocity and shell
thickness, it varies as t-2; when Ar also increases
from zero with a constant velocity from time
zero, the emission measure varies as t _.
Instantaneous ejection Type 1was extensively
studied by Pottasch (1959 a,b,c,d). The shell
thickness was supposed to increase from zero at
ejection with a velocity equal to 2a/(_, -1),
where a is the speed of sound and y, the ratio of
specific heats equal to 5/3. This is a theoretical
rate of expansion into free space.
In spite of the shortcomings of the model, which
will be described later, Pottasch had some suc-
cesses in explaining observations. First, he was
able to explain the shape of the light curve before
optical maximum including the premaximum
halt, taking account of the fact that in early
stages the optically very thick shell should not
be in radiativeequilibrium(Pottasch1959b).
Moreover,thisresultappearedina calculation
forashellmassof 10-_'}g ejectedat800kms_
surroundinga centralstarwithaconstanttem-
peratureof 2 • 105K andradiusof 2 - 10I°cm
(Figure7-4).In Pottasch(1959c),earlytheory
(largelyneglectingvelocityfields)wasusedto
calculatetheflux of theHc_line,whenit was
opticallythick,asa functionof electronden-
sity.Heusedthethicknessoftheshellgivenby
thismodeltocomputeitsmass,whichcouldbe
comparedwitha masscalculatedin latestages
whentheshellisexpectedto beopticallythin
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Figure 7-4. Light curve _" the expanding nova shell
according to _'omputations by Pottasch (1959h}. Tire
energy emitted by ttre shell is shown as a ('ontinttous
litre as visual magnitude, tire hroken line gives the
holometric magnitude. The sur#ce temperature is
given at different stages. Note the presence _a pre-
maximum halt in the visual light _'urve.
in the Lyman continuum (all hydrogen ionized)
and in H_. In spite of the various assumptions
and approximations (including, for instance,
that the H_ flux was three times that of H[_,
which unlike H_ was observed in all the stud-
ied novae), order of magnitude for the two
masses determinations was reached for four
out of five novae.
It may be noted that even Pottasch's (1959d)
calculations indicate that part of the story was
missing from his model. Temperatures of the
central objects were found from the ratio of line
emission emitted by ionized helium to that
emitted by hydrogen, assuming photoioniza-
tion by a Planckian continuum. The radius of
the photosphere could then be determined from
the total flux of photons emitted shortwards of
912 A, taken as equal to the total flux of Balmer
emission photons. The calculated photospheric
radii, for dates as soon as 10 days after ejection
of the postulated shell, were much smaller than
the latter, which for consistency needed al-
ready to be optically thin longwards of the
Lyman limit. In addition, these radii decreased
with time, suggesting that a constant radius
"nova remnant" was not seen. it is this varying
central object that first suggested that another
sort of model needs to be invoked.
/ll.B. INSTANTANEOUS EJECTION TYPE lI
(SOMETIMES CALLED "HUBBLE FLOW")
In this model, a thick envelope is ejected instan-
taneously. This envelope remains thick as differ-
ent parts have different velocities. In the simplest
situation, where the velocity of any particular
mass remains constant, the distance travelled by it
at a particular time is proportional to the velocity.
Thus, the outermost parts of the envelope have
the largest velocity and the innermost parts, the
smallest one. As expansion occurs, the optical
thickness decreases, and the radius below which
the deeper layers are not visible (which equals the
photospheric radius) shrinks. It can be much
smaller than the envelope.
When different parts of the envelope have the
same density and each part a constant velocity,
the density will vary as t ' and the emission will
measure as t _, t being the time since ejection.
This behavior is the same as that of a thin shell
whose thickness uniformly increases from zero
at the time of ejection.
In the framework of instantaneous ejection Type
II, one can imagine a much higher density in inner
than in outer parts of the envelope. In this case,
inner regions could remain optically thick for a
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long time. However,they wouldproduce
stronglineemission,becausemissiondueto
recombinations(andalsocollisionalexcita-
tion)is proportionalto thesquareof theden-
sity. As the radiusof the photospherede-
creases,regionswith lowerandlowerexpan-
sionvelocitieswouldbecomevisible,andthe
emissionlineprofilewouldbemoreandmore
dominatedby slowlyexpandingmaterial.One
mighthenexpecttheFWHMof emissionlines
to decreasewithtime,andthevioletshiftof P
Cyg absorptioncomponentso decreaseas
well.
Thetypeofsituationjustdescribedisbelieved
to betruefor supernovae.Violetshiftsof ab-
sorptionlineshavebeenseento decreasein
TypeII supernovaspectra(Chugai,1975).
Supernova1987Ain theLMC is a verygood
example(For instance,seeHanuschikand
Dachs,1987,andHenbest,1987).Themodel
hasbeenreasonablysuccessful.However,this
situationdoesnotseemtobetruefor nearlyall
classicalnovae,exceptperhapsbeforeoptical
maximum,whenthepremaximumsystemcan
havebehaviorcharacteristicof instantaneous
ejectionTypeII.
In spiteof this,suchmodelshavesometimes
beensuggestedforclassicalnovae,including,for
instance,Sobolev(1960).Nariai(1974)calculated
thepositionof thephotosphere,takingintoac-
countgravitationaldeceleration.I earlystages,
whentheradiusof thephotosphereis largeand
theeffectivetemperatureis low,hydrogenis
notionized,andtheradiusofthephotosphereis
predictedtovaryas t -°_7. At a later stage, hydro-
gen is predicted to become ionized and the
photospheric radius, to decrease very rapidly,
as shown in Figure 7-5. Instantaneous ejection
Type II or a "Hubble flow" was invoked by
Seaquist and Palimaka (1977) to explain the
radio emission of FH Ser. It may be noted that
the regions from which radio emission is de-
tected are much larger than those of the optical
and ultraviolet photosphere (because of the
free-free absorption coefficient), thus a simple
model as the one given here gives a better
description for the radio observations, as com-
pared to optical and ultraviolet observations.
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Figure 7-5. This schematic diagram gives the position
t_['the photosphere, assuming constant luminosity, ac-
cording to Nariai (1974). His study describes the slope
of the curve from maximum to the transition phase,
and also the sudden decline. After transition, the light
curve is produced by the sulfate of ttw remnant in
quasi-static contraction.
lIl. C. CONTINUED EJECTION A
Continued ejection models emphasize the im-
portance of winds from the nova after optical
maximum. When continued ejection A occurs,
most of the emission of the continuous spectrum
in the optical and ultraviolet comes from an opti-
cally thick wind. The photosphere (sometimes
called quasi-photosphere) is located in the wind.
The radius of this photosphere is directly re-
lated to the mass loss rate. The optical fading is
readily associated with a drop in this mass loss
rate, leading to a smaller photospheric radius,
and if the bolometric luminosity does not de-
crease very rapidly, the photosphere will be-
come hotter as it shrinks. The photosphere is
much smaller than the ejected envelope for
continuous ejection A, except near optical
maximum. Material ejected near optical maxi-
mum will produce what is later an optically
thin density peak near the outer edge, while the
density will also be high in the inner regions
containing material that has not expanded very
much. This kind of model for instance, has
been supported by Whipple and Payne-Gapos-
chkin (1936), Friedjung (1966 a,b,c), Bath and
Shaviv (1976), and by Bath (1978).
Early quantitative formulations of contin-
ued ejection used the theory of Kosirev (1934)
and Chandrasekhar (1934) for extended grey
atmospheres in Local Thermodynamic Equi-
librium(LTE).Simpleopacitylawswereas-
sumedsuchas a constantopacity(electron
scatteringdominant)or a meanphotoelectric
opacitylaw.As suggestedby observation,the
timescaleof variationswassupposedto be
long,comparedwiththetimeforejectedmate-
rial to travelfromthemasslosingstarto the
photosphere:therefore,thedensityin optically
thickregionswassupposedto varyasr 2 r
being the radial distance from the centre.
Making an Eddington approximation, one ob-
tains
3 ,rrFY [ d r (7.2)B=
4 J ,.2 ,
0
where B is the intensity of black body radiation
emitted at a distance r from the centre, rtF is the
radiation flux, and r is the optical depth. In
LTE,
/
orb = --acT _ , (7.3)
4
with T being the temperature. Supposing that
the mean absorption coefficient is given by
K= K0 P. T n, (7.4)
with P the electron pressure, and that the num-
ber of free electrons per nucleus is a constant
1/o_, one obtains that
T varies as r -St_'n+3) (7.5)
In an electron scattering case, _ is replaced by
a constant _, and
T varies as r 3_4 (7.6)
Having obtained a temperature law, one can
calculate the flux that should be observed at
each wavelength by integrating emission from
different directions at different optical depths,
if one supposes that local emission is always
Planckian. It may be noted that in regions
where electron scattering dominates, this
would not be correct even if all other hypothe-
ses were valid. The result of such calculations
is a way to interpret observations of continuum
flux and color temperature in terms of photo-
spheric radii and effective temperatures. Put in
another way, one can correct temperatures and
radii determined, assuming that the photo-
sphere has a Plankian energy distribution.
If one knows the photospheric radius and
temperature, the mass flux can be calculated.
Putting the outflow velocity equal to V (as-
sumed constant), the photospheric radius and
temperature equal to RP and TP, respectively,
and assuming for a first approximation an opti-
cal depth at the photosphere of 2/3, the mass
loss rate is
V3 (,z+3) RK
(photoelectric K)
W T ('_ i)/2_ 3/2
.p , ,p ,
(7.7)
or
rh=-Sav/aa'R,., (electron scattering) (7.8)
3 cr
Here R is the ideal gas constant, and la the
molecular weight.
This highly simplified theory illustrates
some important features of continued ejection
A. The characteristics of the continuous spec-
trum are directly related to the mass loss rate. If
fading is rapid, RP and 61 decrease rapidly. The
time variation of the ejection rate derived from
a good theory of an optically thick wind can be
compared with other constraints to test contin-
ued ejection A. Such constraints, as shall be
seen later, are connected with collisions be-
twen different parts of a nova envelope moving
at different velocities, accelerating, for in-
stance, the slower material.
Bath and Shaviv (1976) considered contin-
ued ejection A from a slightly different point of
view. They supposed that during post optical
maximum activity, the luminosity is close to
the Eddington limit. The luminosity needs to
reach this limit for radiation pressure to accel-
erate an optically thick wind, while a larger
luminosity would lead to a breakdown of hy-
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drostaticstabilityof thecentralmasslosing
star.In thecaseof constantluminosityL,
Tp= Rp I/2 (L/_ac) 1t4 , (7.9)
with Tp the photospheric temperature, taken as
equal to an "effective temperature" for the
present approximation. The density in the photo-
sphere pp is given by
_j_t-t(a+l)(2n-14)T(.-W2R-l/2PP= RK o (n+3) P P '
(photoelectric K) (7.10)
or
2 I (electron scattering) (7.11)
PP= 3 _RP "
Combining Equation (7.9) with Equation
(7.10) or (7.11), one sees that if L is constant,
there are one to one correlations between pho-
tospheric density, temperature, and radius.
These physical conditions are for constant L,
which if LTE is valid, is also correlated with
visual luminosity. In this way Bath and Shaviv
(1976) were able to explain the frequent corre-
lations of physical quantities with visual
brightness during the decline of a nova from
visual maximum.
Other models including continued ejection
A were developed. Bath (1978) improved
opacities. When electron scattering dominates
(as is generally the case), he assumed an effec-
tive opacity of (Ko) t/2 in our notation, K being
a Cox and Steward opacity, quoted by Bath, as
taking account of the fit and extension due to
Christy (1966). The difference between scat-
tering and absorption was thus taken into ac-
count, and some results are shown in Figure 7.6
Harkness (1983) calculated radiative transfer
rigorously for non-grey optically thick winds;
results are shown in Figure 7-7. However, these
winds were not only in LTE, but they also had
a solar composition and a constant luminosity
at the Eddington limit. Such assumptions are at
least partially wrong, as shall be seen.
Friedjung (1966c) showed that the optically
thick winds required for continued ejection A
could be accelerated by radiation pressure at
very large optical depths. More detailed hydro-
dynamic calculations were performed by
Ruggles and Bath (1979), while Friedjung
(1981) studied observational consequences for
acceleration of a wind for a luminosity far
above the Eddington limit. We shall return to
these questions later.
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Figure 7-6. Variation of photospheric densio,, pres-
sure, radius and temperature for outflowing nova
winds as a Jitnction of delta My, the decline in visual
magnitudes, for a hlaekhody continuum at constant
luminosity in a nova model of Bath (1978). Three lumi-
nosities. 0.5 L,.d, L. d, and 2 L,. d, are considered.
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III. D. CONTINUED EJECTION B
A form of continued ejection is possible,
where most luminosity arises from previously
ejected material, ejected at a time when the
mass-loss rate was very high. Such a model,
therefore, resembles instantaneous ejection
Type I with an envelope of constant thickness,
if the ejection velocity is constant at the time
when mos! of the ejection takes place. The
observational consequences are very similar.
Continued ejection B can be expected to
occur when the mass-loss rate decreases rap-
idly. A necessary (but not sufficient) condition
for continued ejection B can be derived from
Friedjung (1966a), if the mass-loss rate m varies
as the power of ejection time t0 from optical
maximum (except of course for times close to
the latter), then
rn= mo to-'_ (7.12)
In the case when continuum emission in op-
tically thin regions is due to recombinations at
constant temperature and is proportional to the
density squared, the necessary condition for
continued ejection B to be valid for continuum
radiation is
R i R_; _R i >1. (7.13)
Here R, is either the outer radius of the part
of the envelope where hydrogen is completely
ionized, or the radius at which the power law of
Equation (7.12) breaks down when the latter is
smaller. R is the outer radius of the envelope.
When R° - R_ > Rp, condition (7.12) requires ot
> 0.5. In addition, condition (7.13) suggests
that continued ejection B is unlikely unless the
hydrogen in the envelope is ionized almost to
the outer edge.
The conditions for line emission need not be
the same as for continuum emission. Strong
lines, including in particular Balmer lines,
though formed by recombination, may be opti-
cally very thick. Photons scattered many times
in optically very thick lines can be lost through
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other processes. In view of such effects, line
emission from outer parts of the envelope
might dominate, even in situations where the
continuum from such regions is relatively
weak.
IlI.E. CENTRAL STAR DOMINANT
MODELS
Ejection is supposed to occur tYom one of
the components of the central binary, and one
can imagine a general swelling of one of the
components, so that something resembling a
normal, almost stationary, stellar photosphere
is observed after optical maximum. In this
case, the high velocity expanding layers whose
presence is deduced from the spectrum must be
optically thin in the continuum. This type of
model, which played a role in the history of
nova models, more recently became attractive
to those theoreticians who do not examine ob-
servational constraints in great detail.
A summary of older work on central star
dominant models was given by Mustel, (1957).
Figure 7.8 is taken from his work to illustrate
the model. A fundamental change was sup-
posed to take place at optical maximum with
the detachment of the outer parts of an ex-
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Figure 7-8. A representation of Mustel's (! 957) model,
in which the outer parts of the extended reversing layer
of the nova continue to rise in the form of an envelope,
while the star contracts.
tended reversing layer. Mustel considered the
reason for the detachment to be a different
radiation pressure, though in a later paper
(Mustel 1962), cosmic ray pressure was pro-
posed. In this model, the shell sweeps up preex-
isting premaximum system material, the shell
itself being where the principal system is
formed. The star itself then contracts after
optical maximum.
Theoretical work to be described later sug-
gests that the white dwarf component of the
underlying binary expands during an outburst.
Such a white dwarf can reach giant dimensions
after having engulfed its companion, and its
photosphere could give rise to the continuum
emission. Any continued ejection would re-
semble the winds of "normal" hot stars, which
are optically thin in the visual continuum. In-
deed, in view of the large luminosity of a nova
for a long time after optical maximum, strong
winds of this kind are expected to be present.
Central star dominant models run into a
major difficulty because of the usual lack of un-
shifted absorption lines and of relatively nar-
row unshifted emission lines from the region
where the wind might be accelerated. One
might expect to most easily observe photo-
spheric absorption lines at times and for lines
for which the line emission due to the expand-
ing layers is relatively weak. One attempt to
detect the strong unshifted absorption lines
expected for FH Ser, if it had the photosphere
of a normal giant with the same temperature
and luminosity, indicated that such lines were
not present (Friedjung (1977b).
In the framework of a central-star-dominant
model, as well as for continued ejection A, the
change in the energy distribution of a nova as it
fades needs to be interpreted by an increase in
photospheric temperature. In fact, lines of
more highly ionized states are seen later. If a
central-star-dominated model were true, one
expects to see the lines of a high state of ioni-
zation formed in the photosphere (unshifted
absorption lines) or in a chromosphere (narrow
emission lines), at stages when no contribution
to the line profiles from expanding material is
seen. In fact, such a situation is never observed,
and, as we shall discuss later (and have dis-
cussed before), the most central regions have
the highest velocities.
According to McLaughlin (1943), faint non-
displaced absorption lines briefly existed
around maximum light in the spectra of DN
Gem, GK Per, and perhaps also V603 Aql.
McLaughlin considered such lines circumstel-
lar (seen because of radiative excitation of their
lower levels near nova maximum), and in any
case, one might expect their appearance in a
much more systematic way, if they were the
photospheric absorption lines of central-star-
dominated models. Narrow line emission was
seen in the spectrum of HR Del before optical
maximum. One can wonder whether during this
stage, not seen for other well-observed novae.
a central-star-dominant model may not be the
best way of describing the situation.
If we summarize the discussion of these
simple models, instantaneous ejection Type 11
and central-star-dominant models put strong
constraints on the velocity distributions; ac-
cording to them, the lowest velocities must be
near the centre of the envelope. The velocity
distributions of such models encounter obser-
vational objections, which will be mentioned
in more detail later. Instantaneous ejection
Type I would require the continuum to be
formed either in a thin shell or in a "nova
remnant"; blueshifted P Cyg absorption com-
ponents should be very wide in the first case
and very narrow in the second one. In the first
case, one would not expect to see absorption of
the continuum by expanding material inside
the shell; as will be seen, major difficulties are
encountered for this type of model. Continued
ejection A has also strong constraints; the con-
tinuum brightness is directly related to the
mass-loss rate, and, if the inner regions have
higher velocities than the outer ones, collisions
between faster and slower moving material
should accelerate the later following momen-
tum transfer.
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III.F. COMBINATIONOFSIMPLE
MODELS
Theforegoingdiscussionsuggeststhatthe
mostfruitful wayof makingprogressis to
combinetheapproachesof continuedejection
A andthepresenceof a thinshell.In many
cases,atleast,mostradiationof thecontinuous
spectrumis understoodmosteasilyascoming
fromanopticallythickwind,whilemostline
radiationmay,at leastsometimesrathercome
fromashell.Otherreasonsandconsiderations
will begivenlater.
It canbenotedthatit ispossibletocombine
continuedejectionA witha central-star-domi-
nantmodel,if electronscatteringis much
largerthanpurecontinuousabsorption.In such
acase,PCyglineswouldonlybeseenclearly
forthoselayerthatareopticallythintoelectron
scattering,while the continuousspectrum
wouldcomefromdeeperlayers,whichwould
havea lowervelocity.Sucha situationwas
proposedby Turollaet al. (1988)to occurin
Wolf-Rayetstars.Presently,reasonswill be
givenagainstthistypeof interpretationi the
caseofnovae,butitspossibilityshouldbekept
in mindin futurestudies.
It maybeusefulinthisconnectiontoempha-
sizethedifferencesbetweenovaeandWolf-
Rayetstars,whichlikenovaein outburst,also
appearto havea verylargemass-lossrate.In
particular,Wolf-Rayetstarshowsignsof ave-
locitygradientin theirwinds.Theshiftsof the
violet-displacedabsorptioncomponentsare
correlatedwith lineexcitationpotentialbutnot
so simplyrelatedto the ionizationpotential.
Thiscanbeunderstoodif thelinesareformed
in anacceleratedwind(Willis andGarmany,
1987).A tendencyis thoughtto existfor ioni-
zationto be frozenin suchwinds,explaining
thecontradictoryesultswhenoneattemptsto
correlatevelocitywithionizationpotential.As
shall be seen, the picture that emerges for
novae is rather different, though the lines of the
Orion absorption system need to be studied in
more detail to completely eliminate the possi-
bility of such effects for them.
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The higher velocities of later ejected mate-
rial observed near the centre of the envelope
suggest another model (Friedjung, 1987b),
which can be considered a theoretical develop-
ment of the consequences of continued ejection
A, to be compared with the observations. A
high-velocity wind is supposed to interact with
slower moving material ejected before optical
maximum, the latter being expected to produce
the premaximum absorption system. A thin
shell is formed by a snowplough effect associ-
ated with the collision of the two regions. This
shell is assumed to be the seat of the principal
absorption system and its associated emission,
and when the postoptical maximum activity of
a nova ceases, this shell can be expected to
contain most of the ejected mass.
The model described is in many ways a com-
bination of the simple models described previ-
ously. The premaximum system material,
ejected before optical maximum and then
swept up, might be partly described at least by
instantaneous ejection Type II, the shell by in-
stantaneous ejection Type I, and the wind by
continued ejection A.
To predict the consequences of the model,
the theory of the interaction of a stellar wind
with the interstellar medium, described, for in-
stance, in the review of McCray (1983), can be
used. In early stages, densities are high, and the
shocked material cools rapidly, directly trans-
mitting momentum to the shell. In later stages,
the time scale for cooling becomes longer than
the characteristic time for the density of the
wind near the shell to decrease because of the
expansion of the latter. Shocked plasma then
stays hot, exerting a thermal pressure on the
shell, and also tends to fill a large proportion of
the volume inside the shell. The condition for
the transition between the two situations is
estimated using order of magnitude arguments
by Friedjung (1987b) as
8.0xl0-21T t/2
ta> ......... (7.14)
m 2 Vp_(Vw-Vp)2f"
with rh being a mean mass-loss rate for the
wind; T, the hot plasma temperature; m, a
mean mass for the atoms and ions present; V w,
thewindvelocity;andVw the shell velocity, t
is the time since ejection when the transition
takes place, the hot plasma then filling a frac-
tion f of the volume inside the shell. In this ex-
pression, the formula of Kahn, (1976), which
approximates the cooling rate of Raymond et
al. (1976) was used. Taking f = 0.3, and V_, =
V_- Vp = 1 • 10_cm s _, t, is found to be 5. x 105
s. ln this calculation, _= 10::gs_,T=3 x 107
Kandm =3 x 10 24g. Such a result however,
is sensitive to both the numerical values and the
physical assumptions used.
A model of this kind leads to a number of
predictions. The shell should be accelerated by
the pressure exerted on it. In addition, one can
explain why the velocity of the premaximum
system appears to increase after optical maxi-
mum. For instance, if the ejection of the mate-
rial of this system takes place according to in-
stantaneous ejection Type lI, the fastest mate-
rial is at the outside and is swept up last. One
can precisely calculate when material, having
the velocity of the last seen premaximum sys-
tem, should have been ejected, assuming that it
suffered no acceleration. The result can be
compared with the time when material having
this velocity was first seen before optical maxi-
mum for the few novae well observed in this
stage. Finally, the shocked plasma should emit
X ray and coronal emission lines: the former
might be expected to be strongly absorbed by
the shell in earlier stages. Calculations of the
predicted X-ray and coronal line emission that
should be observable indicated that they might
be rather weak, being so masked by emission
produced by other processes.
Other models involving collisions have also
been previously proposed. Bychkova and
Bychkov (1976) considered the collision be-
tween principal and premaximum system mate-
rial, with the production of inward and outward
propagating shocks. Bychkova (1982) later
considered collisions between continuously
ejected material and that of the principal sys-
tem. Both regions were supposed to be ex-
tremely inhomogeneous, so collisions occurred
between fast and slow-moving blobs. The dif-
fuse-enhanced and Orion absorptions were
supposed to be produced in shocked plasma,
while most of the radiation of the continuous
spectrum was also supposed to be produced by
the colliding material. Therefore. the observed
phenomena would be due to processes near the
outer edge of the envelope. It would then be
difficult to explain rapid variations such as
those observed for DK Lac several months af-
ter maximum, over time scales of the order of
10 2 of the time elapsed since maximum. In ad-
dition, the author of these lines has difficulty in
understanding how an apparently optically
thick continuum energy distribution for emit-
ted radiation could then be produced for novae.
In any case spherically symmetric collision
models are probably too simple. The observed
deviations from spherical symmetry need to be
taken into account. An early attempt to do this
was made by Hutchings (1972). Certain veloci-
ties were supposed to occur only in certain di-
rections in order to explain the observed emis-
sion line profiles. Slow-moving principal sys-
tem material, after interaction with the com-
panion star, might only occur in polar cones. It
should be noted, however, that the principal ab-
sorption system is always seen in the spectra of
classical novae; this suggests that the material
associated with it is present in all directions
around a nova. The densities etc. are, of course,
presumably dependent on the directions, and
the orientation of the structure of the envelope,
with respect to the observer, needs to be taken
into account much more than in the past.
III.G. RECURRENT NOVA MODELS
The observed characteristics of recurrent
novae in general, and of RS Oph and T CrB in
particular, are rather different from those of
classical novae; thus, models for these stars
need not be the same. Let us recall that, in the
course of an outburst, the observed expansion
velocity of the absorption lines and the associ-
ated wide emission lines of RS Oph and T CrB
decrease with time. Narrow emission compo-
nents seen in the spectrum of RS Oph disappear
during the same development.
These observations led Pottasch (1967) to
propose a different kind of model for RS Oph.
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An ejectedshellwassloweddownby a pre-
existingcircumstellarenvelope,the latter
beingwherethenarrowemissionlineswere
formed.Hemadequantitativeestimatesof the
envelopemassassumingthesametypeof in-
creasingenvelopethicknessasfor a classical
nova(theelectrontemperatureandtheshell
thicknessincreasewereassumedto beslightly
higher).Knowingthethicknessandtheradius
of theshell,hydrogenandheliumfluxesgave
thetotalmass,followingtheoreticalexpres-
sionsfor theemissionlineintensities,Assum-
ingmomentumconservation,thedensitydistri-
butionof thepreexistingcircumstellarenve-
lopecouldbedetermined.Pottaschfoundthat
it appearedto be in hydrostaticequilibrium,
with a densitydistributioncharacteristicof a
temperatureof 104K in inneregionsand102K
in outerregions.Theresultingmassof the
centralstarwas0.7Mo.
TCrBandRSOphareatpresentthoughtto
becloselyrelatedto symbioticstars,whichare
nowconsideredto bebinariesconsistingof a
coolgiantanda morecompactcompanion.
Coolgiantshavestrongwinds,andthematerial
of thiswindwouldbesweptupbytheejected
materialof anovaexplosion.Thebasicideaof
Pottasch's(1967)modelis thereforeattractive,
eventhoughdetailsmaybeconsiderablydif-
ferent.
Pottasch'sideaswerefurtherdevelopedby
Gorbatskii(1972,1973).Theformationof a
shockin thecircumstellarenvelopeaheadof
theshellwasconsidered.Coronallineemission
wasstudied,takingintoaccountthedifferent
timevariationof electronandiontemperature
of themodel.Gorbatskii(1977)suggestedthat
similarideascouldalsoexplainthenarrowing
of emissionlinesin theclassicalnovaeVI500
CygandCPPup;redgiants,however,arenot
presentin theseobjects,and instantaneous
ejectionTypeII maybestdescribethedevelop-
mentof a largepartof theenvelopesof these
exceptionallyfast classicalnovae.Hydrody-
namic alculationsof whathappenswhenhigh
velocityejectiontakesplacein a low velocity
wind were performedby Bodeand Kahn
(1985).Theyconsideredamodelsimilartothat
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of supernovaremnants:A sphericalenvelope
expandsintothewindof a cool giant, and for-
ward and backward shocks are generated.
Matter that has passed through the reverse
shock is well cooled, forming small condensa-
tions following a Rayleigh-Taylor instability.
In what the authors call Phase II, the movement
of the backward shock confines unshocked gas
to a progressively smaller volume in the
middle, while, at the outside, a blast wave
advances into the wind. The newly shocked
outside gas is very hot and does not radiate
much of its energy. In Phase 11I, cooling of the
outer shock dominates and condensations are
again formed, which can break loose and move
at high velocity in the wind. The model was ap-
plied to explain X-ray and non-thermal radio
emission.
The authors calculated that the first X-ray
observations were made at a transition between
Phase II and Phase III, the temperature from the
shock being between 0 and 5.7 x 106 K. Analy-
sis of the X-ray observations seemed to require
a "metal" overabundance of about 5 in the red
giant wind. The authors also concluded that the
presence of optical emission lines throughout
the development of RS Oph requires pans of
the shocked gas to cool earlier: they supposed
that denser condensations were produced by a
magnetic field. This giant wind magnetic field
was calculated to be 0.01 G ahead of the shock,
and 0.04 G in the shocked gas; relativistic elec-
trons moving in the field would then have pro-
duced the radio emission non-thermally.
Even if this type of model stands the tests of
more observations and can be developed fur-
ther, it probably cannot be applied to all recur-
rent novae. Not all of them appear to have cool
giant companions; however, it is not clear to
what extent classical nova models can be ap-
plied to recurrent novae without giants.
IV. EMPIRICAL APPROACH
At this point, we need to see whether obser-
vational results can be pushed further, in order
to give a more precise indication of what is hap-
pening. Without already having a detailed
model,is it possibleto do basicdiagnosis?
Thistypeof approachwill nowbedescribed.
IV.A. VELOCITYSTRATIFICATIONFOR
CLASSICALNOVAE
Thedifferentabsorptioncomponentsob-
served,whichcansometimesbeverynumer-
ous,suggesthat motionsare not simple.
However,observationsdo suggesta definite
stratification,oftennot takenintoaccountin
models.
Evidencefromthestudyof theopticalines
wassummarizedby McLaughlin(1947).He
statedthatin practicallyall detailedstudiesof
classicalnovae,fourabsorptionsystemscanbe
recognized,whicharethepre-maximum,the
principal,thediffuse-enhanced,andtheOrion
systems.Thesesystemscanbesplitintosub-
systems,othatin certainsituationsthetotal
numberis muchgreater,but thisdoesnot in-
validateMcLaughlin'sclassification.In any
case,this classificationis bothchronological
andinorderof velocity;thepremaximumsys-
temappearsfirstwiththelowestvelocityand
theOrionsystemlastwiththehighestvelocity,
alreadyindicatingthatlow-velocitymaterialis
ejectedfirst andsois furtherfromtheejecting
starat agiventimethanhigh-velocitymaterial
ejectedat a latertime.
McLaughlin(1947)wasguidedby three
mainconsiderations:(1)superpositionf line
profilesof differentsystems,(2) responseto
disturbancesoriginatingin theejectingstar,
and(3)excitationandotherphysicalprocesses.
Considerationsof thefirst typecouldbeap-
pliedwhendiffuse-enhancedor Orioncompo-
nentsof lineprofilesweresuperposedonlower
velocitycomponents.Principalsystemabsorp-
tioncomponentswerenotfilled in bydiffuse-
enhancedor Orionemissionfromtheprofiles
of otherlines: a strikingexamplewasthatof
DQHer,wheretheprincipalabsorptionsof Sc
I1 4247._ remainedstrongandsharpwhen
superposedonthelongwardwingof theFeI1
4233_ diffuse-enhancedmission;similary,
OrionN III emissiondid notfill in principal
anddiffuse-enhancedabsorption.Ontheother
hand,diffuse-enhancedabsorptionlineswere
oftenpartiallyor completelyobliteratedby
overlying principal emission.McLaughlin
quotesexamplesfor DQHer.Casesof Orion
absorptionbeingdisturbedbyoverlyingprinci-
palemissionwerealsoquoted;in thecaseof
V603Aql,eachOrionabsorptioncomponentof
theN III pairnearH8weakenedin turnas it
coincidedwiththemaximumof O II principal
systememission.All thisclearlysuggestshat
highervelocitymaterialis below that of lower
velocity.
The other considerations of McLaughlin
(1947) also pointed to the same conclusion.
When secondary oscillations of light occur, the
Orion absorptions, unlike other absorptions at
such stages, show close wavelength correla-
tions with brightness changes; as will be seen,
this is also true if the brightness of the continu-
ous spectrum is considered. In the framework
of a continued ejection A model, this would
suggest a correlation of a Orion system veloc-
ity and the ejection rate. Finally, the higher
ionization of the Orion system suggests an ori-
gin in the inner parts of the envelope, if pho-
toionization by radiation from the central pho-
tosphere dominates. McLaughlin explained the
disappearance of high ionization bands in the
principal spectrum during "flaring" of the 4640
A and other bands, supposing complete absorp-
tion of high-frequency radiation by the inner
envelope during such stages.
As a careful experienced analyst of optical
spectra, McLaughlin's arguments carry great
weight, and his conclusions are very probably
correct. However, future studies of line super-
positions need to be quantitative. The interpre-
tation is not always obvious. In addition, it may
also be noted that emission not only fills in
absorption lines produced in deeper layers, but
can also fill in absorption lines in another line
of sight. Large deviations from spherical sym-
metry are necessary for this to be important.
Since the classical work of McLaughlin,
very high-velocity absorption components (up
to 104 km s _) have been detected in the satellite
ultraviolet spectra of some novae. It is not yet
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completelycertainwhethertheycanbe fitted
into the classificationfor optical spectra.
However, the highest velocity systems of
V1370 Aql varied on a time scale of a few
hours, suggesting line formation in the inner
envelope.
Other points concerning velocity stratifica-
tion need to be made. Absorption components
of the principal absorption system are always
seen for classical novae; this means that devia-
tions from spherical symmetry do not appear to
be large enough to prevent the formation of the
system in any direction. High-velocity systems
are also generally seen; there has been some
uncertainty in the case of V1500 Cyg; however,
even in the case of this exceptionally fast nova,
Duerbeck and Wolf (1977) identified the pres-
ence of diffuse-enhanced absorption about one
day after maximum. Therefore, limits are also
placed to possible deviations from spherical
symmetry for the high-velocity systems.
If the velocity identification of McLaughlin
is accepted, this places strong constraints on
the region of production of the continous spec-
trum. A large part of the continuous spectrum
at least must be produced below the level
where any strong absorption line is formed.
Therefore, when strong Orion N IIl absorption
components are seen, at least a large part of the
continuum must be produced in more inner
regions, a condition compatible with continued
ejection A or central-star-dominant models.
Such was the case for V603 Aql (Friedjung
1968). However, extrapolations of such con-
clusions to other epochs of nova development
carry some uncertainty; as will be seen below,
the best way is to reason from regularities in the
time variation of the continuum flux.
IV.B. ANALYSIS OF THE REGIONS
WHERE THE CONTINUOUS SPECTRUM
IS PRODUCED
In continued ejection A and central star
dominant models, most of the continuum is
emitted by a photosphere, although in the for-
mer case, one has a "quasi-photosphere"
formed by an optically thick wind. However, it
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should be noted that infrared emission is not
included in such considerations; the outer parts
of the envelope may be expected to be optically
much thicker in the infrared than in the optical
because of free-free (and sometimes dust)
opacity.
The basic ideas of analysis have already
been given in Section III.C. Photospheric tem-
peratures and radii can be found, which, when
continued ejection A is assumed, can be con-
vened into mass-loss rates. However, all calcu-
lations made up to now are extremely approxi-
mate and of dubious physical consistency.
Among temperature determinations, color
temperatures are probably the easiest to inter-
pret; other methods such as Zanstra-type tem-
peratures do not only make assumptions about
the relation of the energy distribution of emit-
ted radiation to the photospheric effective
temperature, but also about the excitation of
emission lines. The latter temperatures assume
production of line emission by photoioniza-
tion, followed by recombinations and cascades
to the ground state, all ionizing photons being
absorbed by the line-emitting medium.
In view of this, we shall emphasize analysis,
which is close to observational data and which
should be easily reinterpretable in the future
using better theory. The first step is to see what
optical continuum fluxes (expressed as magni-
tudes) can tell us. When continuum magnitudes
are plotted against log time from maximum, the
graphs obtained have often linear portions; this
means that flux varies as a power of the time
from maximum (or perhaps rather from the ini-
tial explosion, which occurred not much ear-
lier). Such graphs are shown in Figure 7.9, 7.10
and 7.11. The first two of these are for V603
Aql and GK Per, which showed oscillations
during their declines; these oscillations were
between parallel lines associated with early
and late decline. The difference between the
continuum flux magnitude and the visual mag-
nitude, which includes the effects of emission
lines, can be seen by comparing Figures 7.9 and
7.12, the lines not being parallel in the latter
figure. The linearity of such graphs for visual
magnitudes was shown by Vorontsov-
Velyaminov (1940).
_o
I
o.
rr
(.9
£
0
TQ.
Z
I-.-
Z
0
0
W
I--
0
Z
z
0
0
21
3
4
5
6
0.3
..÷
÷ .
, i , I . I i I . I i _ I * I i I
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
LOG TIME FROM MAXIMUM (DAYS)
4
51 - _ • ÷
6 _+; ,_ ; , ,.,_ T
I i I l i I I i , i i I _i
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1
LOG TIME FROM MAXIMUM (DAYS)
Figure 7-9. The cm timmm magt itude of V603 Aql versus log time fiom maximum (Friedjung, 1966a).
UJ
t_
(D
Z; 2
0
"1-
O.
< 3
0
_- 4
0
i
o_
_; 5
Z
l--
z 6
0
o
÷
7
8 * , , , I
0.0 0.5
÷_
÷
, J , , 1 , , , , L L
1.0 1.5
LOG TIME FROM MAXIMUM (DAYS)
÷
+÷
+
[ i i I i s
2.0
Fik, ure 7-10. The continuum magnitude of (;K Per versux log time.fiom maximum (Frie_t/ung, ]900_1)l
395
o
Z
J
0
Z
Z
o
0
1.0
0.6
0.2
-0.2 i
- 0.6
- 1.0
- 1.4
4-
÷ 4. ÷
4-
+4-
+ ÷•,,+
%
÷ +"_%
+ •
.\,
4- %
÷ -I-4-%
4- •
t T'_
÷+ ÷÷4-+%
4- %•
÷÷ •
÷ •
÷÷ ÷÷ ÷%
÷÷ •
÷ + ÷%%
+ ÷_÷ ÷
÷ ÷ ÷,4- 4-**•,,.
+ 4-.,I- •%
4- 4- 4.4.÷4. :4.%
4.4.
-- 1.8 ' I .... 1 , , , , n .... I , ,
1.0 1.5 2.0 2.5
LOG TIME FROM MAXIMUM (DAYS)
+4- •,
;4-
4-
÷• • 4-
i
3.0
Figure 7-11. The continuum magnitude of RR Pic versus log time from maximum (Friedjung, 1966a).
o
m
1
3
4
6
0.0
L _, I I I t I I I I I .
• OBi |
".,===
°' ", " n'l
|e
I J I I I I X 1 I t I I
0.4 0.8 1,2 1.6 2.0 log &t 2.4
Figure 7-12. The visual magnitude of V603 Aql versus log time from maximum. The behaviour of the oscillation can he
clearly seen (Friedjung, unpublished).
396
FornovaesuchasV603AqlandGKPer,one
canconcludethatwhen,duringthedecline,the
continuumagnitudevariesasthesamepower
of thetime,thebasicphysicsandhencethe
mostsuitablemodelvery probablydo not
change.In addition,if oscillationsoccurbe-
tweenparallellines,asin thatgraphsdescribed
in thelastparagraph,it is temptingtoconclude
thatsimilarphysicalprocessesoccurat both
maximandminima.However,thelastconclu-
sionismuchlesscertain.
Continuum agnitudescombinedwithZan-
stra temperatureswere usedby Friedjung
(1966b)to deriveradii,assuminga Planckian
energydistributionfor thephotosphere.These
radiiappearedto havethesametypeof power
lawvariationasthecontinuumfluxes.In spite
of thedoubtsthatcanbecastonsucha calcu-
lation,it maybethattheconclusionconcerning
thepower-lawtimevariationis not strongly
dependentontheassumptions.Suchahypothe-
sisneedsobviouslytobeconfirmed.If theradii
follow a power-lawtimevariation,thereis
moreovera goodchancethatthesameis true
for themass-lossrate.
In view of the lack of a reliable theoretical
model to give the whole distribution of energy
emitted by a nova, the observations in other
spectral regions are needed for the determina-
tion of basic data, e.g., those concerning the to-
tal luminosity. The combination of observa-
tions in different spectral regions shows that
the total luminosity declines much more slowly
than in the optical, and indeed may stay almost
constant for a long time. Gallagher and Code
(1974) studied the time variation of the radia-
tion from FH Ser between 1550 and 5480 A,
and found it almost constant for more than a
month after optical maximum (Figure 7.13).
However, if one attempts to correct for emis-
sion in other spectral regions indications of a
decline are seen (Friedjung 1977b) while, in
any case, conclusions are sensitive to the red-
dening corrections. More recent results for
other novae are shown in Figures 6-46 and 6-
50. The slowness of the decline of integrated
flux is obvious.
The total luminosity of novae was also stud-
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Figure 7-13. Energy budget of FH Set as a /i_m'tion of
time, based on ultraviolet, optical, and infrared data.
For a distam'e of 650 pr, the day 4.4 luminosity is 1.6
x 10_ L. The postmaximum luminosity plateau, the
correlation between optical, spectral, and light curve
features and the development of the thermal in/}ared
excess are shown (Gallagher. 1977).
ied by Duerbeck (1980), using ground-based
data. Absolute magnitudes were determined
from newly found distances and interstellar ex-
tinctions. A bolometric correction correspond-
ing to a mean spectral type of F51a (-0.25) at
optical maximum was used to obtain the lumi-
nosity at optical maximum. Duerbeck found
that fast or moderately fast novae with smooth
declines (except for transition-stage oscilla-
tions in some cases) had luminosities well
above the Eddington limit, while slower novae
had luminosities in the region of the Eddington
luminosity. In any case, this type of calculation
is still extremely approximate.
Novae for which multifrequency observa-
tions are available can be studied further. One
can not only attempt to determine the total ra-
diative luminosity, but also the luminosity as-
sociated with the kinetic energy of the wind,
which is large for continued ejection A. Such
an attempt was made by Friedjung (1987a) for
FH Ser, using rather approximate theory. The
energy distribution had been studied from the
infrared to the ultraviolet, and an examination
of observed energy distribution indicated that a
blackbody fit was not too bad, thus enabling a
photospheric color temperature to be defined.
A corresponding blackbody photospheric ra-
dius RP could then be derived. If the optical
depth in the photosphere is assumed to be 2/3,
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thekineticenergyflux is
4;,rRPVP'
FK - (7.15)
3 t¢
with V, the ejection velocity, and _: the opacity
supposed to be dominated by electron scatter-
ing. V,, was taken to be the higher of the ob-
served absorption component velocities, be-
cause, as seen above, higher velocity material
appears to be closer to the photosphere.
Friedjung (1987a) obtained what are probably
rather minimum values of FK, as the measured
V,, corresponding to the mean absorption com-
ponent radial velocity was an average of ejec-
tion velocity components in the direction of the
observer, while a maximum _; of 0.15, sug-
gested by the calculation of Bath (1978), was
taken. The total radiative and kinetic energy lu-
minosity found and shown in Table 7-2 appears
to remain for a long time above the Eddington
limit of 2.07oi03_ erg s-L for a 1 M o star with a
chemical composition characteristic of a nova
as given by Stickland et al. (1981). This result
however, is approximate in view of the assump-
tions mentioned, while it is also clear that the
maximum _c is sensitive to the various element
abundances. Therefore, this type of calculation
needs to be repeated with better theory in the
future.
Other conclusion that can be drawn from
Table 7-2 should also be emphasized. The ki-
netic energy flux is of the same order as, and
indeed somewhat larger than, the radiative
flux. In view of the fact that the velocity of the
continuously ejected wind appears to be of the
order of 0.005 the velocity of light, the ratio of
the momenta of radiation emitted in unit time
to that of material ejected in unit time is of the
order of 3 x 103. The ratio of the radiative en-
ergy per unit volume to the kinetic energy per
unit volume is not much larger near the photo-
sphere. This suggests that, unless the estimates
of Table 7-2 are wildly wrong, acceleration of
the wind by radiation pressure to the observed
velocities cannot be produced at small optical
depths. Acceleration by radiation pressure in
the lines appears to be quite insufficient.
However, radiation pressure can act in another
way. Equations 7-5 and 7-6 indicate that the ra-
tio of energy densities can be much larger at
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large optical depths; when electron scattering
dominates, Equation 7.6 leads to a variation as
r _ for a constant velocity, so the ratio would be
of order unity at 10.3 to 102 of the photospheric
radius.
It is at such radii that radiation pressure
migh be responsible for accelerating the con-
tinuously ejected material. It is for this type of
reason, that the combination of continued ejec-
tion A and the formation of the continuous
spectrum in a low-velocity photosphere, de-
scribed above, is hard to reconcile with accel-
eration by radiation pressure.
Similar conclusions were previously
reached by Friedjung (1966c), these being,
however, based on temperatures and radii de-
duced only from ground based observati6ns.
The improved multifrequency photospheric
temperatures and radii have not changed the
situation radically, and one might perhaps
doubt whether better diagnostics could really
make such a large difference, in spite of the
present approximations.
The velocity variations of the absorption
lines of the Orion system can be closely related
to the behaviour of the continuous spectrum.
Very often there seems to be a correlation be-
tween the velocity of the Orion system and the
brightness of the continuum. Correlations of
velocity squared with 1/radius from Friedjung
(1966c) are shown in Figures 7-14, 7-15, and 7-
16. The radii of V603 Aql and RR Pic derived
from Zanstra temperatures assuming a black-
body energy distribution and those from color
temperatures of DQ Her show almost linear
correlations. What is also very striking is that
the velocity at infinite radius corresponds to
that of the diffuse-enhanced system. This sug-
gests that both absorption systems are due to
the same physical process, best understood as
continued ejection.
It may be noted that GK Per, another nova
showing like the previous ones postoptical
maximum oscillations, did not appear to have a
velocity-radius correlation, according to
Friedjung (1966c). It now seems (Bianchini et
ai., 1988) that its velocity at a given time has
oscillations with twice the instantaneous pe-
riod of the postmaximum light oscillations.
TABLE 7.2 PHOTOSPHERIC PROPERTIES OF FH SER
day from L T, R,, mean measured
1970 Feb. in 103_ l012 high vel. low vel. FK(min) FK(min)+L
14.0 [erg s-_l IKI lcml 110-" km s _] [10 ss erg s-I]
6.39 2.65 5250 22.0 most hydrogen neutral
8.41 2.39 5370 20.1 ....
15.85 1.32 7410 7.8 13.1 6.7 4.9 6.2
22.05 1.05 9120 4.6 15.1 7.1 4.4 5.5
27.34 0.92 9770 3.7 16.3 7.3 4.5 5.4
29.34 1.39 8320: 6.3: 16.8 7.4 8.3: 9.7:
31.87 0.91 9200 4.3 17.2 7.4 6.1 7.0
49.83 0.73: 14800: 1.5 18.5 7.6 2.7: 3.4:
57.49 0.64 18600: 0.84: 18.7 7.7 1.5: 2.2:
L = radiative luminosity; T, = color temperature, R,, = photospheric radius; vel. = (expansion) veloc-
ity; FK = kinetic energy flux.
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The most attractive picture that emerges
from these considerations seems to be one of
wind acceleration by radiation pressure at large
optical depths, where the total luminosity, at
least in a limited region, is above the Eddington
limit. Part of this total luminosity is converted
to kinetic energy. It is clear that such a process,
if it exists, cannot be thermal! Its possibility
will be discussed later.
IV. C. ELEMENT ABUNDANCES IN
NOVA EJECTA: CURVE OF GROWTH
METHOD
Study of emission and absorption lines in
principle, can give information about abun-
dances. Sometimes, extremely abnormal abun-
dances have been determined. Nevertheless,
such determinations have traps, which should
not be neglected.
Two types of method can be considered. The
first uses absorption components of lines, and
applies curve of growth methods to derive
abundances. The second uses emission lines,
which, particularly in the nebular stage, should
be formed under conditions similar to those of
planetary nebulae, for which one knows how to
determine abundances. Older work is summa-
rized by Collin-Souffrin (1977) and by Wil-
liams (1977). The subject has expanded very
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muchsincethese reviews.
In the analyses of Mustel and his coworkers,
using absorption lines and the curve of growth
method, nova spectra were compared with
those of stars with "similar spectral classes" (F
supergiants). The narrowness of the observed
nova absorption components suggested that
they could be treated in the same way as the
lines or normal stars, in spite of the blueshift
due to the expansion (in fact, such narrowness
could be produced when absorption lines are
formed in an envelope where most line absorp-
tion is at a radius much larger than that of the
photosphere). A systematic introduction to the
curve of growth method can be found in Mustel
(1964). The partial curves of growth are con-
structed, using equivalent widths of certain
ions, are shifted in abscissa to make them coin-
cide, and then are compared with theoretical
curves of growth. A problem is encountered
with the excitation temperature, Texc. The
diagram showing multiplet strength versus
excitation potential does not result in a straight
line, whose slope is given by Texc, but shows
an overexcitation of levels with high excitation
potential, which might be explained by a tem-
perature variation in the extended layer, or by
isolated high-temperature cells in the extended
atmosphere.
The curve of growth method was applied to
the novae DQ Her, HR Del, and VI500 Cyg.
Mustel and Boyarchuk (1959), Mustel and Ba-
ranova (1965), Antipova (1974) and Mustel
(1974) based their analysis on the premaximum
system of DQ Her, Mustel and Baranova (1966)
analyzed the principal absorption system of
this nova one week after optical maximum. HR
Del was analyzed by Ruusalepp and Luud
(1971), Antipova (1974) and Yamashita
(1975). Premaximum and maximum spectra of
the fast nova V I500 Cyg were analyzed by
Boyarchuk et al. (1977). Another approach,
based on simple synthetic premaximum spectra
assuming LTE, was carried out by Stickland
(1983). Generally, overabundances in C, N and
O were found [though Stickland (1983) found
C solar], while the heavier elements had almost
normal abundances. Figure 7-17 (Antipova
1974) shows the abundances of DQ Her com-
pared with solar ones.
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Figure 7-17. The chemical composition of the envelope
of DQ Her. derived from outburst spectra, and com-
pared with solar values (Antipova 1974).
It is rather dangerous to apply classical
curve of growth theory in a situation where
non-LTE and nonthermal effects can be ex-
pected. The similarity of the nova spectrum
with that of an F supergiant may be deceptive,
as can be seen when the above discussion of
possible models is kept in mind. The more
detailed examination of Williams (1977) leads
to other criticisms. The CNO abundances were
derived from very few lines (at most, 5 per
element); indeed, there were only enough lines
to construct separate curves of growth for the
ions Fe 1, Fe !1, Ti II and Cr I1. Mustel and his
co-workers assumed the same curve of growth
for all ions with the same "microturbulent"
velocity, and the same law of atom/ion popula-
tion variation with excitation potential. They
had to assume that the latter deviated from a
Boitzmann distribution, Texc increasing with
excitation potential. Such assumptions can
lead to very uncertain abundances, especially
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whenderivedfor H, C, N, andO, with lines
havinga highexcitationpotential.Thoughthe
measurementsappearto beconsistentwith the
mentionedassumptionsandalsowiththeuseof
the Sahaequation,resultsderivedfrom the
curveof growthmethodshouldbeviewedwith
muchcaution.
Theabsorptionspectrumof DQHerhasalso
beenstudiedin anotherwayby Snedenand
Lambert(1975).ThisnovashowedCNabsorp-
tionsduringearlypostmaximumdevelopment,
andspectralsynthesiscouldbeusedto obtain
informationaboutisotopicratios.TheCNlines
of thefirstsix vibrationalbandsof theA ag-I
sequenceof thismoleculewereanalyzed,as-
sumingformationin a scatteringlayer(frac-
tionaltransmissionproportionalto e-_with "_
being the optical depth). Thermal equilibrium
was assumed for the molecule, with an arbi-
trary microturbulence of 5 km s t, atomic lines
being neglected. The isotopic ratios obtained
were t2C/_3C _>1.5 and _N/_SN _>2, which can be
compared with the corresponding solar system
values of 89 and 273.
IV.D. ELEMENT ABUNDANCES IN NOVA
EJECTA: NEBULAR LINES
In the post maximum stage, the spectrum of
a nova exhibits a large number of emission
lines, which in principle, can, be used to derive
physical and chemical properties of the ejected
envelope (or merely, the ejected shells that
may be interacting), as well as properties of the
central object. In general, lines originating
from transitions requiring lower densities and
higher levels of ionization appear at later
stages of the development.
When the nova enters the nebular stage, it is
generally not spatially resolved. Integrated in-
tensities of different emission lines, which re-
fer to the entire envelope as if it were a homo-
geneous nebula, are used for the analysis. This
assumption is certainly not correct and leads to
the most serious objection to an uncritical ap-
plication of plasma diagnostics. A remedy
would be a high resolution spectrophotometric
study of emission lines, resolving at least the
structure in the line of sight. Previously such
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observations have been very scarce.
The flux emitted by any line depends on how
it is excited; knowing the physical conditions,
one can deduce the abundance of the ion to
which it belongs. Basically one uses the follow-
ing equation (Collin-Souffrin, 1977):
1_=41 ]'f_(T n_)n(Xij)dV ' (7.16)
where Ix is the absolute flux of the line (ergs
cm2 s-_) at the earth, d is the distance of the
nova, V is the volume of the envelope, n(X,i) is
the number density of the ion X, in the jth state
of excitation giving rise to the line, and t'_ is the
emissivity of the line at an electron tempera-
ture T e and an electron density n. This equation
needs to be corrected for reddening and line
self-absorption when present. It is clear that the
observed inhomogeneities can pose very seri-
ous problems when trying to apply Equation
(7.16). In addition one needs to know the abun-
dances of all ions of an element in order to
determine the total abundance; states of ioniza-
tion not giving rise to lines in observed spectral
regions are difficult to include in calculations,
particularly when there are uncertainties con-
cerning the ionization. The values of T and n
are derived from line ratios that are sensitive to
either of the parameters, e.g., ([O 1111 4959,
5007)/([0 11I] 4363,([O III] 4959, 5007)/[Ne
III1 3869), (lO II1] 4959, 5007)/(He 1 5876).
The ionization fractions are assumed to be
time-invariant (Seaton, 1975; Ferland and
Shields 1978b; Lance et al., 1988). The rele-
vant atomic constants can be taken from a com-
pilation by Mendoza (1983).
Studies of abundances, like studies of the
physical conditions in general of regions of
emission line formation, are best based on re-
suits from many different parts of the spectrum.
Combinations of satellite ultraviolet observa-
tions with optical ones are better than those
based only upon the latter.
Filling factors in nova shells appear to be
low, since most of the high-density material re-
sponsible for the emission is in clumps, fila-
ments, of thin sheets, while the material in
betweenis at muchlowerdensitiesandpre-
sumablyhighertemperatures.Massesin the
pastmighthavebeenoverestimatedbyafactor
of 10(PeimbertandSarmiento,1984).How-
ever,thein-betweenmaterialwouldbehardto
detect,andits masscouldbeunderestimated.
IV.E.INTERPRETATIONOF INFRARED
OBSERVATIONS
Infraredobservationsin differentstages
yieldthefollowingresults:
Aroundopticalmaximum,theinfraredflux
of a novayieldstheRayleigh-Jeanstail of the
pseudophotosphere,usuallyat atemperatureof
7,000- 10,000K. Inearlydecline,it transforms
into an optically thin free-free(thermal
Bremsstrahlung)flux distribution.At this
phase,emissionlines(oremissionbands)often
aresuperimposedonthecontinuum(seebelow
fordetails).In manycases,thisfree-freemis-
sionisreplacedbyblackbodyradiationfroma
circumstellardustcloudof a temperatureof
typically1,000K. It condensesfromthenova
ejecta,or (asanalternativexplanation,which
encountersmoredifficulties),is a cloudof
preexistingdust,heatedby theradiationof the
outburst.
Soonafterthe peculiardropin the light
curveof DQ Her,McLaughlin(1935,1937)
suggestedthata cloudof dusthadsuddenly
formedfromtheejecta,producingthedramatic
fadingof thevisualflux. However,sinceno
infraredobservationsweremadeat thattime,
thesuppressionf theredshiftedcomponents
of theemissionlines,whichisalsotodaycon-
sideredasa goodcriteriumtk)rdustformation,
wasthentheonlyevidencefortheexistenceof
suchadustcloud.
Onlyin 1970,withthethoroughstudyofthe
energydistributionof FH Ser in different
stagesof theoutburstdid theexplanationof
light curvedisturbancesby dustwonaccep-
tance:a fadingof opticalandultravioletflux
coincidedwith theemergenceof stronginfra-
redcontinuumemission,balancingtheenergy
outputcompletely.
BodeandEvans(1983)sortedthenovaeac-
cordingto their infrareddevelopmentinto
threeclasses:
ClassX:novaeforwhich,atacertainstage,
the infraredluminosityis nearlythe lumi-
nosityof theunderlyingobject.Thesenovae
invariablyhavea pronounceddiscontinuity
in thevisuallight curve,whichcoincides
withtheonsetof infrared evelopment.The
temperatureof thedustshellattainsa mini-
mumbeforerisingto a plateau--theso-
calledisothermalphase(example:NQVul).
ClassY: novaefor whichtheinfraredlumi-
nosityis below10%thatof theunderlying
object.Thelight curveis smoothandthe
dust shell temperature decreases monotoni-
cally (example: V1668 Cyg).
Class Z: novae with little or no infrared
excess, i.e., little or no dust. The visual light
curve is usually smooth. The excess can
easily be attributed to line emission in the
infrared (example: VI500 Cyg).
As has been shown by Bode and Evans
(1981), the onset of infrared excess occurs (if it
occurs) usually when the nova has declined by
4 magnitudes, and shortly after the transition
phase of spectral development.
1V.E.I GRAIN GROWTH
In the model of Clayton and Wickramas-
inghe (1976), grains can only condense from
ejecta once the temperature of condensation is
such that the saturated vapour pressure of the
grain material is less than the partial pressure
of the ambient monomer gas. This condition is
fulfilled at 2,000 K, and grains begin to grow.
Their temperature declines for two reasons:
first, the distance to the central object is in-
creasing, and second, the absorption efficiency
of the grains increases as grains grow. Growth
of an individual grain is essentially complete in
a few days, and maximum grain size is 2 lure.
Because the photospheric temperature of
novae increases after outburst, the distance at
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whichgrainscancondenser cedesfromthe
nova.Dustformationthusdependsontheques-
tionwhethertheejecta,whichareobviously
alsoreceding,canovertakethecondensation
distance.If so,grainformationispossible;oth-
erwise,thenovaenvironmentisalwaystoohot.
Futhermore,astheejectadisperse,theirden-
sitydeclines,andunlessgraingrowthis initi-
atedatanearlystage,theamountof dusteven-
tuallyformedis negligible.
Gallagher(1977)developedan idealistic
modelby assumingthatthecondensationf
grainsiscontrolledbytheradiationfieldof the
nova,whichradiatesatconstantluminosity.Its
surfacetemperaturecanbeestimatedto be
T, =5100(LcL/L e )1/4 K, (7.17)
where LCL is the luminosity at outburst. The
temperature of a grain can be written as
T, _= 1 Lc L Q(T.,a)
4or 4/rR: Q(T,a)'
(7.18)
where Q is the Planck mean absorption cross
section for grains of radius a and temperature
T in a radiation field characterized by the stel-
lar photospheric temperature T.. Assuming that
the early grains are simple,
T = (LcL/4 rtcr 2)'j4 (7.19)
g
This can be written in terms of the time t,, at
which dust initially becomes observable:
= 2 .[L,c L ! (7.20)
t,, T_-"(0) V4 zro V'
where V is the expansion velocity.
Calibrating this formula with FH Ser, adopt-
ing T(0) = 1300 K, this yields:
t d={320/V) _/(LcL/Lo) days, (7.21)
Fast novae have several properties that limit
grain formation. First, the ejection velocities
are larger than in slower novae, producing
lower gas densities at a given time (especially
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since there is no evidence for the ejection of
larger masses in fast novae). Second, fast novae
produce substantial stellar winds, i.e., high-
velocity material, that may give rise to shocks
that might disrupt the grain nucleation process.
Third, ionization might be higher.
The ionization time scale is given by Gal-
lagher to be
t= 2.2.10"/V(LcL/L ° )todays. (7.22)
The ratio of t/t d is independent of the expan-
sion velocity and depends only on the luminos-
ity or speed class of novae. For fast and very
fast novae, t, < tj, and dust does not form. In
moderately slow and slow novae, the equation
for tj gives a reasonable estimate for the time of
dust formation. In this picture, HR Del, as well
as most other slow novae, are not understood,
because they form too little dust for their slow
speed.
IV.E.2. LINE OR BAND EMISSION
The most spectacular line in the infrared ob-
served until now is the 12.8 lam [Ne II] emis-
sion in QU Vul, originating from the transition
P,: - P3f2,which amounted to 0.1% of the out-
burst luminosity at a given date (Gehrz et al.,
1985, 1986). From Ne III and Ne IV lines in the
ultraviolet simultaneously present, a high over-
abundance of Ne could be derived. Together
with SiO features observed at 10 Mm and the
suspicion that an overabundance of Mg is hid-
den in the 10 and 20 lam features, QU Vul is a
good candidate for a TNR on an O-Ne-Mg
white dwarf (see Chapter 7, Section V.A.) with
a large amount of white dwarf material mixed
into the ejected shell.
Less spectacular features are the 5 btm emis-
sion, a short-lived feature in the early free-free
phase, which was observed in V1668 Cyg and
LW Ser. It is attributed to CO (Ferland et al.,
1979). A fairly mysterious broad emission fea-
ture around 10 _m occurred in V1301 Aql,
which is attributed to SiC or possibly CS.
IV.F.INTERPRETATIONOFRADIOOB-
SERVATIONS
Radioemissionfromnovae(HRDelandFH
Ser)wasfirst discoveredin 1970(Hjellming
andWade,1970).
Theradiolight curvefor novaedevelops
muchmoreslowlythantheopticalone.Letus
assumea thermalabsorptioncoefficientk_,
which shouldtake into accountthe usual
chemicalcompositionof thenovashell(e.g.,
Scheuer,1960).
Theradialopticaldepthisgivenby
"t= J'_ dr. (7.23)
At a fixed date t, %(0 behaves like v 2, and at
a fixed v, it behaves like t-_, assuming expan-
sion in the form of a Hubble flow (instantane-
ous ejection II).
For v and t sufficiently small, i.e., at radio
wavelengths, we have Tv(t) >> I, and the nova
radiates like a blackbody:
where R
distance.
and
(thermal en_ssion for n.>> I),
(7.24)
is the outer radius of the shell and r, the
For v and t sufficiently large, "_ << 1,
S v=.[ ,,,,um_to,.B vd_V
r e
(thermal emission for r,. << 1)
(7.25)
Thus, for Hubble flow expansion, at this
stage, S, - Dt.
Hjellming et al. (1979) have calculated the
radio development of an outburst and com-
pared models with observed radio light curves.
From this comparison, they derived informa-
tion regarding mass, velocity, and radio thick-
ness of the shell of V I500 Cyg. The assumed
model is spherically symmetrical, with sudden
ejection of an isothermal (T, = 10,000 K) shell
with a velocity gradient. For VI500 Cyg, the
model gives a mass of 2.4 10 .4 M o, the veloci-
ties are 200 and 5600 km s-' at the inner and
outer radii, respectively. The shell becomes
radio thin after some 100 days. Infrared fluxes
and their evolution in time are also well pre-
dicted.
Hjellming et al.'s models of slower novae
give lower velocities of ejecta, lower masses of
the shell, and greater time elapsed from out-
burst for the shell to become radio thin.
IV.G. STRUCTURE OF NOVA SHELLS
For a few nearby old novae, shells have been
observed in quite some detail, and deviations
from spherical symmetry are always encoun-
tered. Nonspherical envelopes were explained
by
- Magnetic guiding of material (Mustel and
Boyarchuk, 1970).
Nonradial stellar pulsations, which is still
a very debatable assumption (Warner,
1972).
Interaction of the expanding nebula with
the secondary component: blobs ejected
perpendicular to the orbital plane (Hutch-
ings, 1972; Pilyugin, 1986).
Interaction of the expanding nebula with
the accretion disk (Gorbatskii, 1974;
Sparks and Starrfield, 1973).
Effects of stellar rotation, gravitational
braking, and radiative acceleration (Phil-
lips and Reay, 1977)
Rayleigh-Taylor instabilities at the begin-
ning of the expansion (Chevalier and
Klein, 1978)
Stellar rotation only; TNR proceeds at the
same rate at all latitudes; radial ejection
velocity is the same at all latitudes. The
oblateness of shells of about 1.5 can be
explained with a rotating white dwarf with
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aperiodof the order of minutes. No radia-
tive acceleration is needed; it could also
be shown that the accretion disk, hardly,
and the secondary, only to a small extent,
influence the kinematics of the (principal)
ejection. As the shell expands, it must
initially cool rapidly and may be subject
to thermal instabilities. This tends to form
concentrations of characteristic size about
(c/v,.,_,)r. Since the Mach number of the
ejecta is probably initially about 1, the
shell should contain only a few condensa-
tions (Fiedler and Jones, 1980).
V. CAUSES OF NOVA OUTBURSTS
The theory at present accepted by almost all
workers in the field is one where hydrogen is
accreted by the white dwarf component of the
binary from its companion, and where this
hydrogen undergoes a thermonuclear runaway.
The detailed description of the theory is be-
yond the scope of this book devoted to atmos-
pheres; what will be emphasized is the impact
of it on observable properties. More details will
be found in the reviews by Sparks et al. (1977),
Starrfield and Sparks (1987), and Starrfied
(1988).
V.A. MODELS FOR CLASSICAL NOVAE
Hydrogen accreted by a white dwarf will
tend to be ignited, and as this process acceler-
ates, a thermonuclear runaway can eventually
occur. This is possible because there should be
no significant transport of energy into the inte-
rior of the white dwarf from the outer regions
where hydrogen is burning. The strength of the
outburst is determined by a proper pressure at
the core-envelope interface of the white dwarf
GM AM
P=R: 4_R _''
(7.26)
the right-hand side being the gravitational at-
traction multiplied by the mass of the accreted
material per unit area. In this expression, AM
is the envelope mass, M is that of the white
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dwarf, and R its radius. MacDonald (1983) and
Fujimoto (1982) found that a value of p of 1020
dynes cm-: is necessary for a fast nova outburst.
Using a white dwarf mass-radius relation, one
deduces a relation between the envelope mass
and the white dwarf mass required for a fast
nova outburst; the envelope mass decreases as
the white dwarf mass increases. It becomes
easier to produce a nova outburst when the
white dwarf is more massive.
In reality, the situation is less simple. The
mass accretion rate, the chemical composition,
and the white dwarf luminosity all influence
the evolution of what will give rise to an out-
burst. The influence of the mass accretion rate
on the development of accreting white dwarfs
having a solar composition will be discussed in
chapter 12, where possible models for symbi-
otic stars are considered; the theory is not rele-
vant only for classical novae. When the accre-
tion rate of the white dwarf component in-
creases, the mass of the accreted envelope de-
creases (cf., MacDonald, 1980) because of the
gravitational compression of the accreted ma-
terial, which produces energy that accelerates
the thermonuclear runaway. It appears, more-
over, that classical nova explosion are not pro-
duced for high accretion rates above 10 _
M o yr _ unless the white dwarf mass is very
close to the Chandrasekhar limit; in view of the
observational evidence for such accretion
rates, this poses a problem we will discuss in
more detail.
While variation in the mass accretion rate is
associated with variation in the energy release
due to gravitational compression of accreted
material by white dwarf components, the abun-
dances of CNO are also very important for the
physics of nova explosions. This can be under-
stood theoretically because of the influence of
the [3 unstable nuclei _N, _40, asO, 17F. At first
their lifetimes (863, 102, 176, and 925 s) are
shorter than the CNO nucleus lifetime against
proton capture, so the 13 unstable nuclei can
quickly decay without holding up the following
nuclear reactions. At later stages in the devel-
opment of a prenova, the temperature rises, the
proton captures that precede and succeed 13de-
cays are more rapid, and a 13decay bottleneck
canbuildup.Theenergygenerationispropor-
tionalto theCNOinitial abundanceat this
point,wherethetemperatureis approximately
10_K,asnewCNOnucleiarenotcreatedbut
onlyredistributed.Weshouldalsonotethatthe
timedelaybetweenthecreationof the1_un-
stablenucleiandtheirdecayleadsto thestor-
ageof energy,soenergycanbereleasedafter
theenvelopehasbegunto expand(102- 10_s
afterproductionof the13unstablenuclei).In
fact,thecalculationssuggestthatanoverabun-
danceof CNOisnecessaryforafastnovaout-
burst,i.e.,mixingof CNOintotheenvelope
fromtheinterioroccurs.This is perhapsthe
placewheretheoryandobservationof novae
comeclosest,andwheremanywouldbeginat
leastto suspectthattheyarenot talkingof
completelydifferenthings.
Accordingto presenttheory,the initiallu-
minosityof thewhitedwarfhasnoinfluenceon
theamountof accretedmass,whenit is low.
Energyis thengeneratedfromtheproton-pro-
tonchainforwhichsecularevolutionof theen-
velopeis veryslow.Whenthetimescalefor
nuclearburningis largerthanthatfor accre-
tion,therateof evolutionof aprenovaisdeter-
minedbytherateof massaccretion.However,
for a higherinitialluminosity,nuclearburning
is fromCNOreactionsandtheirtimescalecan
beshorter,thusinfluencingthemassaccreted
beforea thermonuclearrunaway.
For a thermonuclearrunawayto produce
ejection,thematerialof theshellsourcemust
beelectrondegenerate.Thekinetictempera-
tureof thegasmustriseandexceedtheFermi
temperaturebeforeexpansioncanoccurand
coolthegas.TheFermitemperatureisgivenby
Starrfieldet al. (1985)asequalto
T =3x107(/./i_) , (7.27)
with p_ the density in units of 103 g cm _ and p_
the mean molecular weight multiplied by the
ratio of the number of all particles to that of
electrons. If the temperature is rising rapidly,
expansion only begins to stop the temperature
rise when the temperature is much larger than
Tf: The calculations indicate that convection is
present during evolution to the peak of the out-
burst. The convection turnover time scale is of
the order of 102 s, and 13unstable nuclei reach
the surface before decaying. Fresh unburnt ma-
terial is brought into the hot shell source by the
convection, and the 13 unstable nuclei are the
most abundant of the CNO nuclei at outburst
peak.
Very many calculations of models have
been carried out and will not be described here.
Detailed calculations, for instance were carried
out by Starrfield et al. (1978), Sparks et al.
(1979), and by Starrfield et al. (1985, 1986).
Realistic velocities and ejected masses were
obtained; however, this is not sufficient to
demonstrate the validity of these models. Their
description of postoptical maximum develop-
ment will be perhaps a more sensitive test of
future models.
Up to now, calculations suggest an expan-
sion of the white dwarf component after the
initial explosion. This component should en-
gulf its companion and radiate at a luminosity
not far from the Eddington limit for quite a long
time. Therefore, this type of theory appears to
be most compatible with central star-dominant
models describing postoptical maximum evo-
lution. Such a central star could have a strong
wind like more "normal" hot stars; however, as
already described, novae generally appear not
to be like this. Another effect can be expected
if the secondary revolves inside an extended
white dwarf. Gravitational stirring would take
place with extra energy generation, and per-
haps the total luminosity could then exceed the
Eddington limit. This last situation has been
discussed by MacDonald (1980) and Mac-
Donald et al. (1985), but such calculations are
still too simple. In particular, deviations from
spherical symmetry need to be properly taken
into account. It is in the framework of such con-
siderations that there is a possibility of under-
standing the production of an optically thick
wind at large optical depths. Future work may
or may not confirm this.
Various developments of thermonuclear
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runawaytheoryhaveoccurredin the 1980s.
Theobservedapparentoverabundances of Ne,
Mg, etc., for some novae have lead to a certain
amount of work on this second class of nova
outburst. Delbourgo-Salvador et al. (1985) and
Starrfieid et al. (1986) explain them by nova
outbursts of O-Ne-Mg white dwarfs. Such
white dwarfs are expected to have masses close
to the Chandrasekhar limit, the lower limit to
their masses being somewhat uncertain. Only a
small proportion of white dwarf components
(on the order of a few percent) should be of the
O-Ne-Mg class. The calculations indicate,
however, that nova outbursts would be more
frequent, so as many as 20% of observed out-
bursts could be of this type. Material of the
white dwarf, as for other types of novae, would
be mixed into the envelope. These stars are
expected to be more massive, leading to run-
aways with less accreted mass and so occurring
more frequently.
V.B. NONSPHERICAL MODELS
Accretion is not spherically symmetric, and
this lack of spherical symmetry should play a
role in the development of a prenova. Kippen-
hahn and Thomas (1978) considered the forma-
tion of a rapidly rotating belt following accre-
tion; its chemical composition and angular
momentum are then mixed with the underlying
white dwarf material. Marginal stability, with
respect to the Richardson criterion for shear in-
stability, was assumed to be maintained by
mixing, the amount of mixing at a certain time
depending on the position and depth inside the
belt. Hydrogen would be eventually ignited at
the bottom of the belt according to this sce-
nario. Kutter and Sparks (1987) and Sparks and
Kutter (1987) considered accretion of material
possessing angular momentum with fewer as-
sumptions than Kippenhahn and Thomas, but
still including marginal instability against
shear mixing. Various cases between radial ac-
cretion and material accreted having a full
Keplerian orbital velocity were considered.
Unfortunately,a 1 M o white dwarf did not pro-
duce nova-like mass ejection under these con-
ditions. The authors explain this lack of suc-
cess, compared with other types of model, to
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the support the centrifugal force gave to the ac-
creted matter, diminishing pressure confine-
ment and the strength of the runaway. Kutter
and Sparks considered that other physical ef-
fects needed to be taken into account in later
work.
Shaviv and Starrfield (1987) considered an-
other aspect of deviation from spherical sym-
metry. The boundary layer between the accre-
tion disk and the white dwarf can (and was also
supposed to) cause heating--a nuclear burning
region in the whole accreted envelope was
produced, and the latter become completely
convective. Unfortunately, "no dynamical ef-
fect occurred during the evolution." By adding
another badly known parameter, the degree of
heat flow inward from the boundary layer, the
authors admit to "have complicated an already
cloudy situation." It is clear that much work
needs to be done.
V.C. OTHER EFFECTS AND HIBERNA-
TION
Another feature of some models of the mid-
1980s for classical novae also needs to be dis-
cussed. Some observational and statistical evi-
dence suggests that novae "hibernate" during
outbursts, i.e., that very old novae become very
faint for millenia and brighten again before the
following thermonuclear runaway. Such ideas
were suggested by the accretion rates in old no-
vae, deduced from their energy distribution,
which appear to be too high for nova explo-
sions, according to the simple model previ-
ously discussed. In addition very old novae
appear to be fainter than more recent novae,
while, at one time, the lack of X-ray sources
expected for a large population of old novae
was considered to be a problem.
Hibernation models have been reviewed by
Livio (1987). It is supposed that, following a
nova explosion, the separation of the binary in-
creases. At first, the secondary continues to
transfer mass because it is strongly irradiated.
This mass transfer then strongly decreases
because the secondary underfills its Roche
lobe, allowing previously accreted material to
cool,diffuse,andbecomedegeneratesothata
strongthermonuclearrunawayis possibleat a
latertime.Theseparationof thebinaryhow-
ever,is reducedby magneticbraking(if the
periodis abovethecataclysmicbinaryperiod
gap)andreturnstoitsoriginalvalueandahigh
massaccretionrateonatimescale
(7.28)
/( /0.7) k,0.45 6xl0_cm
Here f is a parameter of the order of 0.7, and
r is the gyration radius of the secondary. R d is
the radius of the white dwarf in cm, M is the
total mass of the system in M o ' and P4 is the
period in units of 4 hours. It is after such a time
that the white dwarf resumes accretion to pro-
duce a new thermonuclear runaway. At stages
when the mass transfer is still relatively low,
dwarf nova outbursts should be possible if disk
instability models are a valid explanation for
them, so classical and dwarf novae would be
the same objects. Livio (1987) indeed lists
eight old classical novae with post outburst
eruptions similar to those of dwarf novae.
According to Shara et al. (1986), the separa-
tion increase of the binary is due to the mass
ejection in the nova explosion, and this effect is
larger than that due to angular momentum loss
produced by interaction of the revolving secon-
dary with the mass ejected by the nova. This
was supposed by the period increase observed
for one nova (BT Mon); suitable data do not ex-
ist for other novae. Such a discussion clearly
neglects the possibility of the white dwarf ex-
pansion and the engulfment of its companion.
The present situation concerning the rele-
vance of hibernation models is not clear. Re-
cent results may indicate a much smaller effect
on the mass transfer than previously thought. If
the atmosphere of the companion is isothermal
due to irradiation by the white dwarf, a mass
transfer decrease by a factor of the order of l0
- 100 can be expected, but if the atmosphere is
convective, the decrease is at most by a factor
of 2. In the former case of "'mild hibernation,"
the mechanism still works (Livio 1988a). If
there is no hibernation, it may be necessary to
suppose the accretion rates deduced from the
luminosities of old novae wrong: the while
dwarf could be exceptionally bright before and
alter the explosion, and its radiation could be
reprocessed by the accretion disk (Friedjung
1985, Livio 1988b).
If we consider thermonuclear runaway theo-
ries in general, some success has been
achieved. As predicted, fast novae have over-
abundances in CNO, the overabundance being
correlated with the speed of development of a
nova. Even the CNO overabundances of the
slow nova DQ Her can be explained by the
exceptionally low mass of the white dwarf.
Postmaximum activity is probably also com-
patible with such models, but detailed predic-
tions do not exist. However, when one attempts
to take account of other physical effects, diffi-
culties are encountered. A theory that explains
most observations is still far away. In any case,
theoretical prejudices should not be used as a
pretext for rejecting models based on observa-
tions.
Unlike with other types of variable stars, the
determination of the space density of novae is
extremely difficult to determine, since year
after year, new nova explosions are discovered.
Thus, a straightforward density of observed
novae that showed outbursts would be an ever
increasing function of time. A parameter that
can more easily be determined is the space/
time density p*, thai is the number of nova
explosions per cubic parsec per year. A deter-
mination of this parameter, as well as the scale
height of the nova distribution in the Galaxy, is
given by Duerbeck (1984).
To derive the true space density p, the mean
time interval A't between two nova outbursts
must be known. This value is extremely uncer-
tain, and the only safe statement is that it is ob-
viously larger than 100 years for classical
novae.
If we assume that the nova state is a steady
one, with the mailer ejected during outburst
being equal to the mass accreted between out-
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bursts,values of A'_ between 1,000 and 10,000
years are derived for the observed shell masses
and accretion rates. However, Prialnik (1986)
and Kato (1988) have argued from calculations
of nova outbursts that a secular loss of matter
from the white dwarf that undergoes nova
explosions takes place, thus shortening the
interval between explosions. On the other
hand, theoretical arguments for orbit changes
during outbursts, the impossibility of TNRs
under highly degenerate conditions at the ac-
cretion rates observed, and observational find-
ings from the (unfortunately few) very old
novae lead to the suspicion that mass transfer
rates may diminish noticeably or may even
cease. Thus, for a shorter or longer time be-
tween outbursts, the exnova transforms into a
cataclysmic binary with possible disk instabili-
ties (i.e., a dwarf nova), or even in a detached
system, consisting only of the red dwarf and the
white dwarf, with the accretion disk com-
pletely absent. Such systems would appear as
red dwarfs with UV excess (possibly eclipsing)
and rapid rotation, properties that are not obvi-
ous in low-dispersion spectral surveys. Such a
decrease in mass transfer rate would increase
the outburst interval.
Taking a mean outburst interval (without hi-
bernation) to be 3,000 years, a space density of
P0 = 1"27"106 Pc_ (7.29)
is derived for classical novae, which can be
compared to that of dwarf novae, 0.95 x 10 6
pc _, and symbiotic stars, 0.00094 x IO 6 pc -3,
the scale height of the latter however, being
very different from the first two groups.
If these assumptions are correct, one should
find, if the nova brightness between outbursts
stays at V = +4.2, 6 x 10 .2 objects in the bright
star catalogue (brighter 6m), 5 - 6 objects in the
Durchmusterung catalogues (brighter 9.5m),
and 36 objects brighter than 11m. While there
are some 'novalikes' in the brightness range of
9" - 11m their number and type makes them not
too well suited for nova candidates.
However, the hibernation scenario is not a
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good scenario out of the dilemma. Decreasing
the accretion rate means decreasing the abso-
lute magnitude, thus decreasing the volume of
space where the objects are found. On the other
hand, a lower accretion rate means that the
intervals become longer, and the space density
of the objects must be increased to result in the
same---observed---outburst density p*.
V.D. CAUSES OF RECURRENT NOVA
OUTBURSTS
Recurrent novae to a certain extent are inter-
mediate between classical and dwarf novae. In-
deed, there has sometimes been a certain
amount of confusion about whether a particular
star is a recurrent nova or a dwarf nova. To
clearly make the distinction, Webbink et al.
(1987) consider that a recurrent nova has two or
more recorded outbursts with a maximum abso-
lute magnitude comparable to that of a classi-
cal nova (Mv < - 5.5) and ejection of a discrete
shell in outburst with an expansion velocity of
> 300 km s_. These criteria also distinguish
recurrent novae from various types of symbi-
otic stars. Even with such criteria, recurrent
novae seem to be rather heterogeneous; the
outbursts of some are now explained by theo-
ries similar to those for classical novae, while
the outbursts of others are explained by theo-
ries bearing some resemblance to those of
dwarf novae.
If we try to invoke a mechanism similar to
that for classical novae, i.e., involving a
thermonuclear runaway, rather stringent condi-
tions need to be fulfilled. One can see from
equation (7.26) that the pressure at the core
interface is inversely proportional to the fourth
power of the radius of the white dwarf; this
will increase very rapidly near the Chan-
drasekhar limit, where the white dwarf radius
becomes very small. Hence, a runaway will be
produced for a relatively small amount of ac-
creted mass, so if the accretion rate is supposed
not to change very much, much shorter recur-
rence times are possible near the Chan-
drasekhar limit. In this way, short recurrence
times are possible without the accretion rate
becoming too high, to produce a strong out-
burst.
An increaseof thewhitedwarfluminosity
also leads to shorter recurrencetimes.
Starrfieldet al. (1985)for a limitingmassof
1.38Mo' aluminosityof0.1Lo andanaccre-
tion rateof 1.7x 10_Mo yr-I,wereable,to
obtaina recurrencetimeof only 33years.A
ratherhighaccretionratewouldleadto ahigh
accretiondisk luminosity,detectablebetween
outbursts,supposingnaturallythat accretion
proceedsviaadisk,Webbinketal.(1987)give
for a 1.38M whitedwarf:
Q
(7.30)
L_, GMwDIVI 160(MwD/I.38MwD) IV1
L® RWD RWD/I.9.10_ cm 10_Mo/yr"
with _ the accretion rate, L the stellar lumi-
nosity, MWD the stellar mass and RWD the stel-
lar radius.
As in the case of dwarf novae, recurrent
novae, in principle, can, also be produced by
accretion events. Such events might be pow-
ered by an instability of the cool component, or
by a disk instability, or they might occur at
periastron if the companion had an eccentric
orbit. In the last case, the eccentricity must
exceed the ratio of the pressure scale height
near the inner Lagrangian point at periastron to
the radius of the star losing mass by Roche lobe
overflow. It can be noted that when accretion
events occur, unlike in a thermonuclear run-
away, the accretor need not be a white dwarf
with a mass below the Chandrasekhar limit. It
can be a main sequence star, as is indeed indi-
cated by the most probable compact star mass
above the Chandrasekhar limit for T CrB (see
Chapter 9 of this volume).
Different accretion event mechanisms for
recurrent novae can be examined in more detail
as was done by Livio (1988). According to him,
the accretion rate _ must obey the condition for
disk instability to occur:
/VI->3" 109 Me,_yr i (7.31)
with P_ the period in units of 4 hours. So for a
period of 230 days (T CrB, RS Oph), 1_1 < 10 .6
M o yr'. Disk instability models, however,
may run into recurrence time problems; to
obtain times of the order of those observed, a
viscosity parameter ot of the order of 10' is
required (for the cold state of the disk).
A more relevant accretion event mechanism
according to Webbink et al. (1987) and Livio
(1988a) for some recurrent novae involves a
sudden instability of the cool component with
ejection of 10.3 to 10"4 M o. This mechanism is
supposed to be particularly relevant for T CrB
and RS Oph, and according to Edwards and
Pringle (1987) to be possible for Roche lobe
filling giants. The collision of the ejected ma-
terial with itself, with the cool giant wind, or
with the accreting star can be associated with
high-velocity shock ejection, when no well-de-
veloped accretion disk exists before the event.
According to Livio et al. (1986), the shock
velocity is given by
(7.32)
V'"_:k=(2 GM/(_ircum) [''(-''/' 'R/_,pstream ,,o,)'1
The first factor, giving the free fall velocity
from zero at distance R from a star of mass M,
is multiplied by the second factor, including
the ratio of the density of circumstellar mate-
rial P,,r_,m to that of the stream of accreted
material p_,.... , which collides with it. As usu-
ally, ",/ is the ratio of specific heats, and G, the
gravitational constant. Therefore, the highest
shock velocity occurs if the stream collides
with very low-density material in the vicinity
of the accreting star. The accreted material can
then form a temporary bright disk (whose ab-
sence before outburst would pose a problem for
thermonuclear runaway models), explaining
the secondary maximum of T CrB, or it can
easily collide with the accreting star if it is
bloated, following considerable accretion at a
high rate (suggested for RS Oph). It should be
noted that 10 .4 of the accreted material (accord-
ing to the low envelope mass estimate of Bode
and Kahn (1985) for RS Oph) needs to be
ejected at a velocity of 10 times the free fall ve-
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Iocityof RSOph(of themodelof Livioetal.,
1986,withR equalto 8.2x 10_ cm),sothen
requiringonlyahighefficiencyfortheconver-
sionof thekineticenergyof theaccretedmate-
rialoftheorderof 10.2.Thistypeof mechanism
clearlyneedsto bestudiedin moredetail.
Webbinket al. (1987)supporthermonu-
clearunawaymodelsforT PyxandUSco.The
former,to someextent,resemblesa classical
slownova.Thepresenceof brightaccretion
disks,characteristicasanaccretionratepre-
cedingathermonuclearrunaway,is compatible
with observationsfor both theserecurrent
novae,thoughWebbinket al., suggesthat
mostof thequiescentluminosityof T Pyxhas
anothersource(continuingnuclearburning?).
In a laterpaper,however,Truranetal. (1988)
arenotsocertainaboutU Sco;observations
appearto indicateahighHe/Hratiofor which
it is difficultto producea nova-likeoutburst
followinga thermonuclearrunaway.These
authorsuggestthata highheliumabundance
couldfavoranaccretiondisk instabilityeven
for a hotaccretiondisk.
Onecanconcludethatmodelsfor recurrent
novaeneedto becomparedwithresultsfor in-
dividualstars.Thesituationfor recurrentno-
vaeisnotclear;onemaywonderwhetherother
possiblemechanismsfor outburstshavenot
beenneglected.Onetendstogathertheimpres-
sionthatatagivetime,theoristsaretoocertain
abouttheirmechanisms.
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